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SUMMARY 



Technology is advancing at a rapid rate. Many people believe the advancement is so rapid 
that it cannot be comprehended. If it cannot be comprehended, its long-term behavior cannot be 
predicted. Nevertheless, many situations arise in which it is necessary to predict the future perfor- 
mance of systems. Strategic planning in the military is one of those situations. The author does not 
believe that technological change is incomprehensible. He believes that, within certain limits, a 
rational approach can be used to predict technological change with an accuracy considerably better 
than that obtainable by random chance.. 

We begin by looking at several examples of the growth of technology over the past few 
centuries. If we assume that the total amount or total level of technology in existence is propor- 
tional to the total amount of technical knowledge and further assume it to be proportional to the 
total number of technical publications, then we find exponential growth, at least over the last two 
centuries. Using this and other data we can estimate the half-life for technological advancement to 
be roughly 17-24 years. This suggests that every 20 years, the total level of technology will roughly 
double. This is staggering but well within one’s ability to comprehend. However, given com- 
pounded doubling at the 20-year rate over the course of a century, the total level of technology will 
increase by one and a half orders of magnitude (32x). This is much harder to comprehend, although 
we can gain some understanding by studying history. 

The world of today (2000) is as different from the world of 1900 as the world of 2100 will 
be different from the world of today. To gain some appreciation of how different the future will be 
the world in 1900 is reviewed in some detail. The then-states of politics, geography, society, 
economics, demographics, energy sources, transportation means, biology, chemistry, physics, medi- 
cine, and military capabilities are summarized and discussed. The magnitude of the changes are 
then further emphasized by cataloging a list of the major developments of the 20 th Century and how 
they changed the character of warfare. 

Comprehending change is one thing, predicting it is something else. To this end each of this 
century’s major developments was also analyzed to determine what earlier technologies enabled its 
development. Every major advance has prerequisites for its occurrence. Just as this was true in the 
past, it will be true in the future, and we must take enabling technologies into account when predict- 
ing advances. Predicting the future is hazardous; any prediction is likely to be wrong in some 
aspect. To ensure the proper degree of humility in prospective predictors, the paper reviews a 
number of technological predictions by famous experts that turned out to be wrong, in some cases 
ludicrously wrong. To set the stage for enumerating a methodology for technology assessment 
(prediction), the way that technologies grow is also examined. 

Having properly set the stage, a methodology for technology assessment is described. This 
methodology can be decomposed into 5 basic steps or phases: 

- Preparation (Education and general background needed to successfully perform technol- 
ogy assessment) 

- Initiation (Special background and data acquisition needed to successfully perform the 
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desired technology assessment) 

- Analysis (Identification of trends and limits to technological advancement) 

- Inspiration (Necessary to define the inventions necessary to overcome each limit and to 
conceive of possible inventions that may radically impact the technology area under 
study) 

- Assessment (Logical following of a development path from trend to limit to invention to 
trend to limit etc. until a limit is reached with low probability of being overcome) 

As an example, this approach is applied to the problem of predicting the rate of future microproces- 
sor development. 

In this example, Moore’s law (the long-term growth trend first described by Gordon Moore 
of Intel) is described as are a large number of identifiable limits to the length of time that an 
extrapolation of Moore’s Law will be credible. Technological innovations needed to overcome 
each limit are also discussed. After consideration of all of the limits and the likely technological 
innovations, Moore’s Law is predicted to remain valid until roughly 2020 at which time limits to 
traditional semiconductor technology will be reached. It is also predicted that investment in one or 
more alternative technologies may (if pursued) provide a means to break the fundamental limits and 
extend processor growth beyond 2020, and possibly even break (exceed) Moore’s Law. The 
implications of actually following Moore’s Law to the 2020 time frame are also discussed. 

The farther into the future this assessment methodology is followed the less likely it be- 
comes that the predicted results are accurate. The factors that limit the accuracy of technology 
assessment are identified and discussed. In general it appears reasonable to predict technology as 
far as 25 years into the future with limited but significant confidence in its accuracy. However, it 
appears that there is little chance of accurately predicting technology advances 100 years into the 
future. 



It is unfair in any paper on predicting the future not to actually present some predictions. To 
this end Arthur C. Clarke’s famous 1976 predictions are summarized and his degree of correctness 
after the passage of 25 years is described. In addition, an analysis of the probable state of the future 
in 2020 is examined to determine what technology areas should be emphasized in the education of 
military officers seeking a sub-specialty in combat systems. Lastly, a number of previously pre- 
dicted technological and societal developments are analyzed to make an estimation of the likelihood 
that they will become practical at some time during the 21 st Century (without committing to when 
in the next century they will become practical). 
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PART I. COMPREHENDING TECHNOLOGICAL CHANGE 
Chapter 1. Introduction 



“He who stops being better, stops being good. ” 
- Thomas J. Watson, IBM 



Watson’s statement epitomizes technology today. There is a never-ending pressure for 
improvement and advancement. If you stop trying to keep your technology better than your competi- 
tion’ s technology, you will quickly find yourself so far behind that you are no longer even accept- 
able, let alone competitive. Any attempt to rest on your laurels and enjoy the benefits of being 
“Number One” will quickly cause you to lose that status. Technology will improve, whether or not 
you are the one doing the improvement. Any attempt to slow the pace of specific developments or 
to stop the spread of a technology may be locally effective but globally will ultimately prove fruit- 
less. 



For example, after World War II, the United States attempted to prevent the spread of 
nuclear weapons and preserve its monopoly position. It imposed the highest levels of secrecy and 
strictly controlled the export of critical materials and technologies. Despite these precautions, the 
Soviet Union stole a number of the key secrets from the United States (and independently discov- 
ered the rest), and several other countries (incl. France, Israel, China, and India) discovered the 
secrets independently of either the United States or the Soviet Union before a few decades had 
passed. If one entity fails to make a particular technological breakthrough, or fails to exploit a 
breakthrough it has made, another entity will probably do so independently within a relatively short 
period of time later (typically no more than a few years - often less than a year). Technological 
change in the form of improved performance is an imperative that we cannot ignore. Furthermore, 
if we are to make the most of technological change, we must understand it sufficiently to develop 
methods that can aid us in predicting how technology will change in the near future. 

This book had its origins in a request for the author to deliver several lectures on technology 
change for a course on strategic analysis and planning for military officers. Repeated many times 
over the period of several years, these lectures served to stimulate both numerous discussions with 
students and other faculty as well as researches into the nature and history of technology develop- 
ment. This paper reflects the positions developed as a result of those discussions and researches. 

Many individuals believe that the pace of technological change is increasing, and that the 
world was simpler in the past. The latter statement is undoubtedly true. The fewer things (technol- 
ogies) you have to deal with, the simpler your life is. Note that simpler does not equate to better, 
or easier, or higher quality. Since technologies seldom disappear completely (as discussed below), 
the number of technologies with which individuals must deal is a monotonic increasing function of 
time. In the past there were fewer technologies, so life was simpler. 
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Technologies may be replaced by better technologies, but the older technology remains a 
factor for consideration, if only out of nostalgia or historical curiosity. It is the rare and usually 
historical (both in the sense that it is unlikely to occur today and that it is an occurrence demanding 
of notoriety) accident in which the details of a technology disappear completely. Such technology 
disappearance is usually associated with ancient cultures having predominantly oral historical 
traditions. For example, we do not know exactly how the pyramids were constructed. The details 
were incompletely documented in the hieroglyphic records and the oral history record has been 
broken. Oral history can be lost for many reasons. When a technology is supplanted by a better 
technology, the oral historians supplant old stories (or demonstrations in the case of manual arts) 
with new ones. With each retelling, the content is invariably slightly changed. There is a party 
game (called “Telephone” by some, but also known by other names) in which a short story is whis- 
pered from one participant to another in succession. After the last player has heard the story, he 
tells it to the group and then the first player relates the original story. It is usually extremely 
amusing if not hilarious to see how distorted the story has become after as few as a dozen suppos- 
edly exact retellings. 

In the modern age with widespread literacy and a written historical tradition, the ubiquitous 
availability of video recording technology, and nostalgic desires to preserve at least some portion 
of the past, it has become almost impossible for a technology to disappear completely. Usually only 
the untimely death of the “inventors” prior to documentation results in disappearance. However, 
it is possible for a technological discovery to be discovered yet remain hidden for many years. For 
example, Mendel’s discovery of the principles of genetics was published in 1 866 in such an obscure 
journal (with virtually no circulation) [1] that no one else with any interest in the subject read it at 
the time. Thirty-four years later, in 1900, the basic principles were independently rediscovered by 
three different groups of researchers. While doing a literature search in concert with their own 
efforts at publication, these researchers finally unearthed Mendel’s original paper. Besides being 
one of the rare examples of “lost” discovery, genetics is yet another example proving that prolifera- 
tion of a discovery can only be delayed, not prevented, by secrecy (intentional or otherwise). The 
laws of nature are open for anyone to discover. 

The widespread belief that the pace of development is increasing is not so easily addressed. 
This belief appears to be a relatively recent phenomenon, although it is possible that segments of 
earlier societies felt similarly. This idea, however, does not find expression in the literature of ear- 
lier eras to the extent it does today. One might be tempted to associate increased levels of rebellion 
against technology with an increased pace of development. For example, the Hippies of the 1960’s 
shunned much of modern technology and formed communes in the countryside. However, in recent 
history almost every generation has had at least one group that has rebelled against the modern 
culture and its technology. 

The Luddites went so far as to openly attempt to destroy the technology to which they 
objected [2] . The Luddites took their name from Ned Lud (or Ludd) - a possibly fictional character 
- who supposedly lived in 1779 lived in a village in Leicestershire, England. “In a fit of insane 
rage” he is reputed to have smashed two machines used for knitting hosiery. Afterwards whenever 
a machine was damaged, by accident or intentionally, the workers claimed “Ned Ludd must have 
done it”. Many workers of the day were alienated by the transformation of cottage industries 
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(textiles were originally woven on hand looms in the individual workers’ homes) into large factory 
industries (textile mills) employing fewer workers to produce increased output. Factory workers 
often attempted to slow down the faster pace of factory work by damaging the new machines. In 
later days, these workers elevated the status of this possibly mythical figure, referring to him as 
“Captain Ludd” or “King Ludd”. In the period from 1811 to 1816 the rebellion escalated. Bands 
of masked men roamed the industrial cities of Great Britain and destroyed the machinery used in 
the textile industry. They were ultimately suppressed by making the destruction of machinery a 
capital offense. The public hanging deaths of a number of the rebels coupled with a strong upturn 
in the economy (reducing unemployment) brought about the end of Luddite protests. 

The Luddites were just one manifestation of anti-technology rebellion during the Industrial 
Revolution. The word sabotage derives from the French word sabot (or wooden shoe). Workers 
rebelled against inhumane factory conditions either by throwing their wooden shoes into the 
machinery to stop the mills or by performing poor quality work. The word sabotage can be literally 
interpreted as “the act of beating with a wooden shoe” - something that can hardly be considered 
to be a quality means of manufacture. Thus, rebellion against technology goes back at least 200 
years and there may have been even earlier rebellions associated with introduction of new agricul- 
tural technologies. And as we shall show shortly, technology was roughly 200,000 times less 
complex in 1750 than it is today. We cannot use dissatisfaction as a gauge of the rate of technology 
increase. 

Even the question of whether or not the pace is increasing is subject to a semantic debate. 
Technology exhibits exponential growth in the present era. That is, the number of new develop- 
ments made per unit time is proportional to the number of developments that have already been 
made. Many more developments will be made in the current period of time, than were made in the 
immediately prior equal period of time. In this sense, the pace of technological change is increas- 
ing. But it has always been increasing. An exponential growth curve always exhibits more and 
ever more growth as time goes by. However, in a pure exponential growth situation, the exponen- 
tial time constant will remain the same over time. That is, the period of time required for the 
number of developments to double is independent of time. If it takes ten years at the present time 
for technology to double, it took ten years for technology to double in the past, and it will take ten 
years for technology to double in the future. In this sense the rate of technological change is not in- 
creasing because the rate constant is not changing. 

Humans perceive sensory change logarithmically. [3], [4] That is, we require changes in 
sensory inputs which are in excess of a certain percentage of the initial level (a few percent for light 
level changes at room brightness or greater) before we can detect those changes, regardless of the 
magnitude of the signal. Thus, we may detect a difference between a 10 watt light bulb and an 10.2 
watt light bulb, when compared side by side, and we may detect the difference between a 100 watt 
bulb and a 102 watt bulb, but we cannot tell the difference between a 100 watt bulb and a 100.2 
watt bulb. We require the 2% change. Similar effects occur in human hearing. If we apply the 
concept of logarithmic perception to exponentially growing technology, then a doubling in com- 
plexity occurring during the 1990's should appear roughly as large as a doubling in technology 
during the 1890's, although the magnitude of the change will be hundreds of times larger in the 
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1 990's. This argues that if the exponential rate constant is not changing, then we should not be 
perceiving an apparent increase in the rate of technology development. 

If the rate constant is not changing (and we will show later that it has probably not changed 
much in the past few hundred years), then why do so many people feel that technology has all of a 
sudden gotten out of control? There are at least two possibilities. The first possibility is: 

The rate of technological change is not increasing. We have merely reached that 
stage of development, where it has become impossible for a single individual to 
acknowledge every new development, let alone comprehend it or assess its long- 
term impact on society. The developments (in that fraction he is now able to 
comprehend) tend to be more significant, more revolutionary than those in the 
past. This will make the individual ’s perception of change seem to be faster. 

A generation ago, a well-read individual could stay relatively up to date on major technolog- 
ical developments. He would have known that a polio vaccine had been developed, even if he had 
no idea how such a vaccine worked, or how it was produced, or how widespread and deadly polio 
was. He would have known that a nuclear reactor had been invented that used natural uranium as 
its fuel and deuterium oxide as its moderator. He would have known that coal- fired power plants 
release much more radiation into the atmosphere than do nuclear power plants. [5 8] The well-read 
individual would have known these things regardless of whether his expertise was in the fields of 
agriculture or history or medicine or engineering. 

Today, there are so many new developments of equal potential importance per unit time that 
the individual cannot keep up with them all. He does not have the spare time to search out and read 
all of the journals or magazines that might contain the primary announcements. Even if he had the 
time, he would probably lack the breadth of technical training needed to recognize the significance 
of the announcement (and thereby commit it to long-term memory). Unless the development makes 
the evening news for some reason, or is written up in the Wall Street Journal, the science pages of 
the New York Times, or Scientific American, a development in a field outside the individual’s 
expertise will seldom become known to him. 

For example, today, only a small fraction of highly-educated people recognize the funda- 
mental significance of the polymerase chain reaction (PCR) - the PCR allows a single molecule of 
DNA to be copied into millions of exact replicas for analysis purposes. [5] Almost everyone would 
recognize that DNA testing was part of the evidence presented at the O. J. Simpson murder trial, but 
not that such testing involved PCR. Similarly, only a small fraction of highly educated people is 
aware that in 1989 Iraq attempted to develop a radiological weapon based on Zirconium-95. [6] The 
same can be said about the fact that a Gulf War Syndrome-like illness has been associated with 
every major war since the U. S. Civil War (the first war in which detailed medical records were 
kept), and thus may not represent anything new or insidious. [7] The average person has little or no 
knowledge of these or many other critical technology developments. As unobserved minor advance 
after minor advance compounds in field after field, the individual is bombarded by major new 
developments so removed from what the individual knows, that they seem more like magic than 
science (see Clarke’s Third Law on page 1 1 1). 
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The second possibility is similar but subtly different. 

The rate of technological change is not increasing. We have merely reached that 

point at which new developments in fields directly impacting almost everyone are 

occurring faster than it is possible for a single individual to internalize them all. 

Thus we perceive the rate of change as increasing. 

People become uncomfortable when they are presented with new technologies to master. 
Remember all the jokes about adults’ difficulties in programming VCRs when they first entered the 
market place. In some fields, advancements are beginning to take place at rates faster than people 
can become comfortable with the predecessor technologies. For example, there are probably some 
people who are still paying off their charge cards because they bought a projection television, but 
are now feeling marketing pressure to buy a high-definition television (HDTV). Bear in mind that 
this paragraph was written late in the year 2000. By the time you read this, it is quite possible that 
something will have replaced (HDTV) as the “new thing” in home entertainment. In home comput- 
ers we are continually bombarded by improvements in operating systems, word processors, moni- 
tors, microprocessor chips, scanners, printers, cursor control devices, etc. Our hardware is obsolete 
before we can get it from the store to our homes. Almost no one buys a new computer because his 
old one has broken. He buys it because the new computer has ten or one hundred times the capabil- 
ity of his old one. Keeping up with the Jones’s drives us to spend more and more, faster and faster, 
on new “appliances” to replace perfectly functional older ones. By the way, this fact alone has 
spawned at least one new growth industry - recycling old computers. 

A simple acoustically coupled modem is replaced by faster direct-coupled modems. These 
were initially coupled computer-to-computer and required compatible systems and software. Next 
they had to be connected to a simple network (such as America On-Line or CompuServe) that 
provided chat rooms, electronic mail, and news groups. This evolved to requiring more complete 
connection to the Internet still using standard telephone lines. And modems continued to get faster 
and faster. The desire for more speed led to the “need” for digital subscriber service or cable 
modem connections. Soon it will be essential to have a direct wideband fiber-optic connection to 
a Super-Internet. The casual user can’t even keep up with the names of the technologies let alone 
what distinguishes one from another. Even fewer people can afford to keep their systems at the 
state of the art in all areas. 

We are informed of a major upgrade to our word processor before we have learned most of 
the basics of the earlier version. The upgrade contains even more capabilities that the average user 
doesn’t have the time to learn before yet another upgrade appears. We are presented with market- 
ing pitches for new software capabilities with ever-increasing frequency. Almost no one has the 
time to learn more than a fraction of the inherent capabilities of any of these new programs. And 
each of these has frequent upgrades. The only end to upgrades is temporary and occurs when the 
product is replaced by newer hardware or software with even more functionality. With each change 
we understand less and less about the tools we must use every day. 

One hundred years ago this continuing unfamiliarity didn’t occur. A new appliance or tool 
was a rarity in most people’s lives. They had plenty of time to leam how to use it. They had even 
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more time (many years) to get bored with using it before a major new appliance or tool entered their 
lives. Today new appliances and tools confront us many times a year. Craftsman alone seems to 
come out with a new type of hand tool at least once a year, and this technology has been considered 
mature for at least a century. Compound this across the spectrum of human technology and almost 
no aspect of human life remains untouched by continual and nearly incomprehensible change. 

There is a third possibility. 

The rate of technological change is increasing and our perceptions are correct. 

As we shall see, it is possible, but not certain, that the rate of change increased roughly 50 
years ago, as a direct consequence of World War II and the long-lasting Cold War. However, today 
we have most likely returned to simple exponential growth with a constant time constant that is not 
too different from that of the past and one or perhaps both of the earlier possibilities explains the 
perception that the rate of change is increasing. 
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Chapter 2. Rate of Technological Change 



"People tend to over-estimate the next two years and under-estimate the next ten years. ” 

- Jeff Bezos, CEO, Amazon.com (July 2000) [61] 

As we shall see, there is much truth in this statement. Proponents for short-term developments 
invariably plan for success (no setbacks or minor failures), thus development almost always takes 
longer than planned, because such setbacks invariably occur. On the other hand, so much can 
transpire in ten years that it is difficult to imagine it all. The magnitude of the potential changes 
with time is the subject of this section. 

It is reasonable to assume that the rate of technological change is related to the number of 
technologists (scientists, engineers, programmers, etc.) that contribute to technology. It is obvious 
that not all technologists contribute equally. Although there is a general feeling that younger 
technologists contribute more than older technologists do, this difference seemingly only relates to 
the most creative aspects of technological endeavor. Even here things are not easily distinguished. 
There are numerous examples of brilliant scientists who continued to contribute throughout their 
entire lives, such as, Albert Einstein, Richard Feynman, Stephen Hawking, Linus Pauling, and 
Enrico Fermi, to name a few. Older technologists often have more administrative and educational 
duties than do younger technologists (and such duties are vital to the advancement of technology). 
Furthermore, there is considerable “semi-creative” work involved in the advancement of technol- 
ogy. There are analyses and trade studies to be performed, simulations to be run, drawings to be 
generated, models to be assembled and tested. If the older technologists were unavailable to 
perform these functions then the creative productivity of younger technologists would be substan- 
tially less. For this reason we may assume that when the aggregate is considered, all technologists 
are relatively equal. 

If the number of technologists were constant over time, then technology would grow linearly 
with time. On the average, the constant number of technologists would contribute to the aggregate 
of technology at a relatively constant rate, the condition for linear growth. However, the number 
of technologists is not constant over time. In fact, we have reason to believe that [8] 

“ Eighty to ninety percent of all the scientist that have ever lived are alive now. ” 

- Derek J. de Solla Price, Little Science. Big Science (1963) 

At first hearing this often repeated statement is hard to believe. Some may find it even harder to 
accept a more recent statement, 

"Over 99% of the scientists, engineers, and computer programmers who ever lived are alive 

today. ” 

- Colin Mayfield, University of Waterloo, Department of Biology, Seminar 
presented at the University of Windsor, January 1996 

However, analysis of available data supports these contentions. 
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Let us assume that the growth of the technical population is exponential. This assumption 
is valid if the rate at which new technologists (scientists, engineers, programmers, etc,) are pro- 
duced is proportional to the number that already exists. This is a reasonable assumption. Some 
fraction 



Figure 1 . Cumulative Number of Scientific Journals Founded Versus 
Calendar Year during the Period 1665- 1950. [8] 



Number of Journals 




of the population will be inspired to devote itself to teaching and developing new technologists. 
The bigger the population, the more “teachers”; the more teachers, the more students; and the faster 
the population will grow. More direct evidence of exponential growth can be found by examining 
the technical literature. Figure 1 shows the cumulative number of scientific journals founded as a 
function of the calendar year for the period 1665-1950 [8], The growth of technical journals is 
clearly exponential over the period 1750 to 1950. The exponential time constant is roughly 21.7 
years. If we assume the quantity of information published is linearly proportional to the number of 
technical personnel (an assumption that is almost certainly true) the growth in the technical popula- 
tion must also be exponential with a time constant of roughly 22 years. 

Mathematically, if N is the population and T is a typical time constant for development of 
new members of that population, then 

dN/dt = N/T 



with solution 



N(t) = N(0) e t/T 

If members of the population have an effective productive lifetime L, then the fraction still alive of 
the total population that ever lived is given by 

F = [N(t) -N(t-L)] / N(t) = l-e L/T . 

If the time constant does not vary with time, then F is independent of the time t at which the 
fraction is estimated. Thus, if F was equal to 0.90 in 1963 (when de Solla Price published his 
statement), then F will be equal to 0.90 today and at any time in the future, providing no change has 
occurred in the basic assumptions. Furthermore, we would expect that F was equal to 0.90 in 1900 
and earlier times. 

Let us assume that the productive lifetime of technologists is L = 40 years. This is a very 
reasonable value today, although the value might be as high as L = 50 years. We “graduate” with 
all necessary degrees and training at 25-30 years, “retire” at 65-70 years, and die around 75-80 
years. In the past the productive lifetime was undoubtedly somewhat smaller (because overall 
lifetimes were shorter). 

One might argue that the “productive” lifetime is shorter than 40 years today. “Folk wis- 
dom” among physicists and mathematicians is that they will make their major discoveries/ contri- 
butions before they are 30 years old. Among academics, the quest for tenure leads them to concen- 
trate on research during their first decade of post-doctoral work. The gifted and lucky few who 
achieve “star” status are usually pennitted to continue to concentrate on research for the remainder 
of their careers. However, later in the careers of the majority (those of less than world class status) 
they tend to change emphasize to teaching, supervision of the work of more creative (younger 
researchers), or administration (as a department head, dean, or laboratory director). 
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Similar emphasis on youth is found in industry. Young industrial scientist/engineers are 
expected to devote themselves to creative work. After a decade or so, the “best” of these are moved 
into supervisory positions, where there direct contributions are reduced due increased administra- 
tive burdens. Perhaps a decade later, the best supervisors are moved into management positions 
where they have little involvement in direct technological development. The remainder, those that 
escape the trap of increased administrative duties continue to contribute, but usually in the semi- 
creative tasks. If the highly creative younger workers were forced to do all the semi-creative tasks, 
then they would be less likely to be highly creative. 

As a consequence of these arguments, we will accept and continue to use a 40-year produc- 
tive lifetime in this work. Note: that any shortening of productive lifetime will predict even higher 
rates of technological change. As we shall see, this would predict changes even more drastic than 
those we will soon postulate. 

Let us consider a few examples (with L = 40 years). 

If F = 0.8, then T = 24.8 years and t 1/2 = 17.2 years. 

If F = 0.9, then T = 17.4 years and t 1/2 = 12.0 years. 

If F = 0.99, then T = 8.7 years and t 1/2 = 6.0 years. 

The quantity t 1/2 = 0. 693 T is the time required for the population to double in size and can be called 
the “technological half-life” by analogy to radioactive decay. Note that the time constant T of 2 1 .7 
years obtained by studying the proliferation of technical journals is consistent with a value of F 
between 0.8 and 0.9 (and closer to 0.9 than 0.8). 

Let us now estimate the time it takes to develop a technologist. We expect that this time 
will be roughly equal to the half-life t 1/2 . This expectation implicitly assumes that each practicing 
scientist or engineer is “educating” one fledgling scientist or engineer at all times. This is not easily 
verified or disproved. In each high school, fewer than a dozen science and math teachers will 
educate hundreds of students each year. In college and graduate school, the student to faculty ratio 
in the sciences falls to perhaps less than ten. Unfortunately, most practicing scientists and engineers 
work for industry and do not participate substantially in educating new scientists and engineers. It 
is true that older individuals mentor younger people. However, in the author’s experience, much 
of this mentoring relates to how to function and prosper in the particular corporate and economic 
environment within which the individual works, and only occasionally on improving technical skills 
or passing on technical knowledge. Graduate scientists and engineers are expected to have learned 
how to educate themselves whenever needed. Without hard data (which is not available to the 
author if it exists at all), an incontrovertible result cannot be obtained. However, balancing the fact 
that a few individual scientists and engineers educate many students at a time and that most scien- 
tists and engineers educate none, an average assumption of one to one is not unreasonable. In fact, 
we shall see that it is entirely consistent with observed results. 
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Consider that a typical scientist begins to study his “field” in high school (4 years), selects 
his field as an undergraduate (4 years of college), and continues on to obtain a Ph.D. (4-6 years of 
graduate school). He also usually gets several years of “on-the-job” training as a post-doctoral 
fellow or as a probationary employee in industry. This last bit, however, should probably be 
considered as part of the scientist’s productive life. Thus for a typical scientist, t In = 12-14 years 
is not an unreasonable estimate, and is consistent with the 90% “fraction still alive” estimate. For 
a typical computer programmer or engineer, training consists of high school (4 years) and college 
(4 years). Thus for programmers and engineers, t I/2 = 8 years is not unreasonable, and is roughly 
consistent with the 99% “fraction still alive” estimate. We do not need to include childhood in 
these estimates. Technologists are a sufficiently small fraction of the population that there are, in 
principle, as many candidates for development into technologists as existing technologists are 
capable of developing, or that the economy is capable of absorbing. Of course, we cannot just 
equate the half-life with the duration of training. Some technologists train a number of new tech- 
nologists each year; others train none. Nevertheless, the numbers are sufficiently reasonable as to 
lend some support to the hypothesis. 

At the present time it is likely that the growth of technology is still exponential and that the 
half-life is roughly 12-17 years (we accept that F = 0.8-0. 9). This assumption is supported by a 
very recent study of scientific publications during the period 1 99 1-1 998 . [49] Over this period, the 
total number of scientific papers published per year has grown at a world average rate of 4.56% per 
year. This corresponds to an exponential time constant of 22.4 years (remarkably similar to the 
21.7 year value obtained by studying the growth rate of technical journals from 1750 to 1950). 

If we accept the validity of these assertions, then what are the implications? Since the 
quantity of knowledge produced per unit time is almost certainly proportional to the number of 
independent researchers producing that knowledge, then we should expect that the total body of 
knowledge will double every 12-17 years. Knowledge grows both in depth and breadth. The 
increase in depth can be equated to increased understanding of known subjects. If so, the increase 
in breadth must be the discovery or development of new subjects. From the author’s limited 
observations, there is no evidence to suggest that breadth and depth do not grow roughly equally 
fast. Thus, the rate of growth of breadth should be roughly 0.7 (square root of 2) of the rate of 
growth of the total breadth times depth, i.e., the sum of all technical knowledge. Technological 
capability is probably more strongly related to breadth than to depth. Technologists often use tools 
that they do not fully understand. 

As a corollary to this, then half of all discoveries and inventions ever made (and thus the 
total technological capability) were made in the last 17-24 years. If we accept that the current rate 
of exponential growth has remained relatively constant during the last century, then between 94% 
and 98.3% of all discoveries and inventions ever made were made in the last 100 years. If we 
assume that the current rate of growth will remain valid for the next 100 years, we must also accept 
that in the next 100 years, 17x to 60x as many discoveries and inventions will be made as have been 
made in all human history to date. For most of computations in the remainder of this paper we will 
assume a nominal knowledge half-life of 1 5 years (22 year time constant) and invention half-life of 
21 years (30 year time constant), corresponding to a technology growth of more than 25x in 100 
years. 
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In an attempt to further corroborate (or at least qualitatively support) these almost unbeliev- 
able forecasts, it is instructive to look at the growth in technical specialties that might be found as 
degree options or at least specialization tracks at major universities. Table I shows typical technical 
specialties in 1800, 1900, and 2000. In 1800, a scientist or engineer would have studied natural 
philosophy. In this curriculum he would have studied virtually everything that was known about 
the natural world, including physics, chemistry, geology, biology, etc. It was possible for a scientist 
to learn just about everything that was known to science. By 1900 natural philosophy had broken 
into a dozen or so number of major scientific and engineering specialties. Please note that the lists 
are not complete and would clearly vary from university to university. They are merely meant to 
be representative. In 1900 a person could leam most of the knowledge available to physicists or he 
could leam most of the knowledge available to chemists, but he could no longer do both. By 2000, 
each of the major disciplines has fragmented into a large number (dozens in some cases) of sub- 
disciplines. A student might reasonably learn most of the knowledge in the field of solid state 
physics, but at the price of learning virtually nothing about particle physics, plasma physics, or 
gravitational theory. 

In another example, Holton [9] has studied the annual rate of contributions to the field of 
shock waves. This is illustrated in Figure 2. One or two initial discoveries initiate the field. Over 
many years the number of contributions sporadically but steadily increases. Occasionally, the field 
spawns a development so significant that it effectively starts its own sub-field. The original field 
and its offspring continue to produce more and more developments. The flurry of developments at 
the end of the period of study is so large that it has become difficult to graph in the linear fashion 
shown. 



Another measure of growth is the rate at which major advances occur. For every major 
development, after one technological half-life there is likely to be a second uniquely different major 
development. Given logarithmic perception and exponential technology growth, “major” develop- 
ments (defined as those we perceive to be radically different from earlier developments) should 
occur at roughly equal time intervals. Consider the history of radar during the roughly sixty-year 
period since the start of World War II. At the start of this period (1939) UHF/VHF radar had just 
become a practical tool (in the CHAIN HOME system that protected the United Kingdom during 
the Battle of Britain). A few years later (1943-45) it had been replaced by microwave radars 
employing cavity magnetrons in the majority of applications. Perhaps a decade later (circa 1955), 
the foundations of synthetic aperture radar had been established. Another decade later (circa 1965) 
laser rangefinders had come into practical use. After yet another decade or so had passed (circa 
1975), serious work on over-the-horizon radars had started and phased array radars were beginning 
to replace radars with large parabolic antennas. By the mid-1980’s true radars operating at laser 
wavelengths were searching for deployable applications. Finally, at the end of the century, netted 
multistatic radars were beginning to be considered as serious contenders for counterstealth applica- 
tions. Each of these inventions, occurring roughly once a decade, created military possibilities 
undreamed of previously. Observation is in reasonable agreement with prediction. 

As we shall see, the growth in any one field is not steady. Although an average over all 
technologies should provide an average rate of growth that is steadier than the individual growth 
rates, there is no reason to expect that the overall growth of technology is perfectly exponential. In 
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Table I. The explosion of scientific specialties in the last two centuries. 



1800 

Natural Philosophy 



1900 


2000 


Civil Engineering 


Civil Engineering 
Wind Engineering 
Seismic Engineering 
Mining Engineering 
Cost/Value Engineering 
Safety Engineering 
Environmental Engineering 


Mechanical Engineering 


Mechanical Engineering 
Industrial Engineering 
Manufacturing Engineering 
Materials Engineering 
Metallurgy 

Maintainability Engineering 
Aeronautical Engineering 
Astronautical Engineering 
Human Engineering 
Test Engineering 


Chemical Engineering 


Chemical Engineering 
Petroleum Engineering 
Combustion Engineering 
Nuclear Engineering 


Electrical Engineering 


Electrical Engineering 
Power Engineering 
Communications Engineering 
Computer Engineering 
Software Engineering 
Electronics Engineering 
Control System Engineering 
Biomedical Engineering 
Systems Engineering 
Reliability Engineering 
Logistics Engineering 
Optical Engineering 


Naval Architecture 


Naval Architecture 
Ocean Engineering 
Naval Engineering 


Biology 


Biology 

Zoology 

Botany 

Microbiology 

Mycology 

Ecology 

Genetics 

Herpetology 

Ornithology 

Ichthyology 

Entomology 
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Table I. The explosion of scientific specialties in the last two centuries (continued). 



1800 



1900 

Paleontology 



Geology 



Chemistry 



Physics 



Astronomy 



2000 

Paleozoology 

Paleobotany 

Paleoclimatology 

Geology 

Hydrology 

Mineralogy 

Petrology 

Seismology 

Volcanology 

Meteorology 

Oceanography 

Biochemistry 

Physical Chemistry 

Organic Chemistry 

Radiation Chemistry 

Inorganic Chemistry 

Solid State Chemistry 

Polymer Chemistry 

Analytical Chemistry 

Quantum Chemistry 

Stereochemistry 

Geochemistry 

Environmental Chemistry 

Fluid Dynamics 

Medical Physics 

Biophysics 

Atomic Physics 

Molecular Physics 

Mechanics 

Cryophysics 

Solid State Physics 

Thermodynamics 

Plasma Physics 

Acoustics 

Optical Physics 

Electromagnetics 

Quantum Physics 

Nuclear Physics 

Radiation Physics 

Particle Physics 

Astronomy 

Gravitational Physics 

Geophysics 

Atmospheric Physics 

Space Physics 

Astrophysics 

Planetary Physics 

Cosmology 
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Figure 2. Annual rate of contribution to shock wave research. 




fact, one can argue that the rate of technological growth has probably increased unevenly after 
World War II. The war provided technical training to many whom would have otherwise received 
none. The G. I. Bill gave millions of veterans the opportunity to go to college, many of whom 
would have otherwise been unable to go. The need for technically trained military personnel 
increased during the Cold War. With the launch of Sputnik and the beginning of the space race, it 
became not just acceptable, but almost mandatory for students to study science and mathematics 
and pursue careers in technology. This almost certainly led to a dramatic increase in technology 
development. However, this growth was concentrated in the U. S. and U. S. S. R. It was not shared 
by Europe and Asia which were still recovering from the devastation of the war. The decline of the 
space program and the end of the Vietnam War caused a decline in those interested in some aspects 
of science and technology, but this was partially offset by increased interest in environmental, 
biological, and medical sciences. Nevertheless, a huge number of scientists and engineers were 
forced to find work in other fields (e.g., insurance, retail sales, or even driving taxis) in order to 
support their families. Many did not return to technical pursuits. 

In the last few decades, American education in science and technology has declined. 
Science and engineering have become less desirable professions. The total number of engineering 
degrees granted in the U. S. declined 17.8% from 1986 to 1996. The number of computer science/ 
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mathematics degrees awarded declined 35.8% over that same period. [50] However, as we have 
already seen, the global advancement in science and technology has not decreased. The current 
annual growth rate in technical papers in North America is only 1.56% (compared to a world 
average of 4.56%). [49] Extrapolation of these trends to 2020 (Figure 3) yields a prediction that 
American science and technology will lag behind even the Third World in terms of total technical 
contribution. However, the United States is not currently so technology oriented that its growth rate 
is expected to saturate. American technology has room to grow further. It is likely that a general 
recognition of impending technical atrophy (and economic collapse) will result in renewed incen- 
tives for technological education and the growth rate will rebound. 

Whatever decreases in rate North American technological progress is suffering have been 
compensated by increases in rate elsewhere in the world. During the period 1975 to 1997, the 
fraction of the 24-year-old population with degrees in science and engineering in the U. S. rose 35% 
from 0.04 to 0.054. However, in most industrialized countries, the percentage increase ranged from 
50% to as high as 450%. In Britain, the fraction rose from 0.029 to 0.094; in South Korea, it rose 
from 0.020 to 0.090; in Germany, it rose from 0.033 to 0.08 1 ; in Japan (our biggest technological 
rival), the fraction rose from 0.047 to 0.072; in Taiwan, it rose from 0.026 to 0.068; and even in 
mostly agricultural China, the fraction doubled from 0.004 to 0.008. [50] 

Fluctuations similar to those that have been observed since World War II have undoubtedly 
occurred at other times in the past. One can imagine that the devastation produced by the Black 
Death in Europe caused temporary reductions in the advancement of technology. The loss of an 
entire generation of young men in Europe in World War I (scientists, fann hands, factory workers, 
and students alike) combined with the infrastructure devastation that accompanied World War II 
undoubtedly led to Europe’s fall from leadership in science and technology at the midpoint of the 
20 th Century. A half-century later (as clearly indicated in Figure 3) Europe is on the verge of 
regaining that world leadership. 

It is difficult to get a good handle on the total rate by looking at specific technologies. This 
is because not all technologies increase at exactly the same rate. Popular technologies (such a 
personal computing) attract a larger share of researchers and larger research budgets. Not surpris- 
ingly, the rate of technological change is higher with these technologies and the half-life can be as 
short as two years. Less popular (usually less well funded) technologies attract fewer researchers 
with smaller budgets. The rate of technological advance in these fields may be very slow. Never- 
theless, taken as a whole, the last 50 years have probably seen a growth rate with a half-life not 
much larger than 15 years. This is virtually the same as that of the period from 1750-1950. 

Rather than predicting a century ahead (which we shall see would be so foreign to us and so 
subject to the vagaries of intervening random processes as to be virtually impossible to imagine, let 
alone accurately predict), let us pick a more manageable number like 20 years. The large majority 
of persons reading this paper today will still be alive 20 years later. If we accept an invention half- 
life of 20 years (this makes the math easy, is conservative, and is within the range of error in our 
estimates), then 20 years from now our technological capability will have doubled. What does this 
mean? For every technological marvel in 2000, there will be one completely new such marvel in 
2020. Half of the technical material that a student must learn in school will have been discovered 
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Figure 3. Regional trends in scientific and technical publications. [49] 




YEAR 



in the interval between 2000 and 2020. If even the most highly educated technologist of today were 
to fall into a coma and sleep for 20 years, he would be virtually illiterate in technical matters when 
he awoke. His most advanced technical concepts would be trivial basics (or worse obsolete dead- 
ends) for the technologists of 2020. Half of the objects around him would be completely unfamil- 
iar. 



Think back to 1980 (looking back is useful for comprehending change - we will do it 
several times in this paper). In 1980 the average member of the general public did not have: 

- microwave ovens 

- video cassette recorders 

- digital cameras 

- video cameras 

- compact discs 

- digital watches 

- cellular telephones 

- telephone answering machines 

- beepers 

- fax machines 

- cable television 

- satellite television receivers 

- personal computers 

- access to the Internet 
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- electronic mail 

- overnight mail (in the U. S., in the U. K. it was common) 

- satellite navigation and digital street maps in their automobiles 

- cruise control 

to name just a few items. Had many of these items (without the accompanying owner’s manuals) 
been given to a person in 1980, they would probably not know what they did and without consider- 
able trial-and-error would not be able to make them function at all. If the operation of some of 
these items were demonstrated to the general public, many would think the demonstration a hoax 
and a few might think it magic (see Clarke’s Third Law on page 1 1 1). 

One feature of exponential growth is that it cannot continue forever. If allowed to continue 
forever, then developments must become infinite. This is the first major problem with exponential 
growth. Fortunately, or unfortunately (depending on your point of view), at some point all available 
resources will be consumed, all available space will be used up, or some other hard limit will be 
reached that prevents us from reaching infinity. What are the limits to technology growth? One 
limit is total population. The number of technologists cannot exceed the total number of people. 
At the present time the population of the earth doubles every 50 years (refer to Figures 4 and 
5). [47], [48] If the technical population doubles every 15 years, at some point the technical popula- 
tion will approach the total population. Usually long before this happens, the rate of technical 
growth must slow to be no larger than the total population growth rate. Using the growth rates 
above, it is easy to estimate that the fraction of the total population that is technical is growing by 
an order of magnitude roughly every 50 years. At the present time (2000) the technical percentage 
of the U. S. population is roughly 1% and the technical percentage of the World’s population is 
roughly 0.1%. 

The total population cannot become “technical”; that is, they cannot be devoted to 
developing new technology. Barring the development of robotic technology that allows absolute 
automation of every task and/or the development of “Star Trek”-like transporter and replicator 
technologies, some fraction of the population must remain involved in: 

- food production 

- manufacturing 

- basic education (undergraduate and below) 

- distribution of commodities 

- governmental functions 

- entertainment 

- provision of services 

- infrastructure construction and maintenance 

- health care 

- care of the young. 

Some fraction of the population must be children below the age of being “technically productive”. 
Considering all of these factors a reasonable upper limit to the technical fraction of the population 
is at least 10% although it might conceivably reach as high as 50%. It is unreasonable to expect 
that it would be above 50%. With these upper limits the rate of U. S. technical growth must begin 
to slow down (to the total population growth rate) in 50-80 years. The world’s overall technical 
growth rate must slow down in 100-130 years. 
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Figure 4. Estimated population of the world since 10,000 B.C. to the present.[47] 
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Figure 5. Estimated population of the world since 1000 A.D. to the present. [47] 




-10 -9 -8 -7 -6 -5 -4 -3-2-10 1 2 



YEAR (THOUSANDS) 



19 




Just as there is a limit to the growth of technological fraction of the population, there are 
limits to the growth in the overall population. At some point, the population may grow to exceed 
the capability of the planet (assuming we remain bound to the earth) to grow food for that popula- 
tion. Famine and the accompanying other terrors of pestilence and warfare will act to keep the 
population from exceeding that limit. Ever since Malthus [10] published his famous essay in 1798, 
some have believed that the population was only a few years away from potential starvation. 

Indeed, roughly 1 billion of our current population of 6.23 billion does not get adequate 
nourishment each day. However, this is predominantly to an inequitable distribution of the produc- 
tion and thus the consumption of food. The current food production capabilities are more than 
sufficient to feed the Earth’s current population, if distributed efficiently. Nevertheless, as we look 
ahead to 2100 with a predicted population of the order of 25 billion people, some find it hard to 
imagine how they will be fed. The key is that currently, only a fraction of land suitable for agricul- 
ture is currently being utilized and almost none of the oceans. If increases in agricultural productiv- 
ity are combined with increased “acreage”, the Earth should be able to comfortably feed a popula- 
tion much larger than 25 billion. It is not clear that a similar statement could be said about a 
population of 100 billion people (projected in 2200 A.D.) Barring large scale migration of human- 
ity into outer space, however, there will be an ultimate limit to the population of the Earth and we 
are not more than 1 or 2 centuries away from reaching it. 

The Earth has not always been able to sustain exponential growth at the current rate. If we 
look at Figure 4, we see that the population was roughly constant from 10000 B.C. to 4000 B.C. 
During this period, the population was essentially nomadic hunter-gatherers. This lifestyle could 
not sustain appreciable increases in population. They filled viable habitats to the limits that this 
lifestyle could sustain and no further. Around 4000 B.C. the first cities started being fonned and 
more and more people became settled fanners. Farming can sustain more people per unit of land 
area than can hunting & gathering. The population began to grow exponentially with a time 
constant of 1 500 years or so. This continued during the next 5500 years except for a roughly factor 
of 2 bump during the period of Roman domination of much of the known world. Rome was noted 
for its efficiency in doing almost everything. This efficiency could sustain a larger population. 
However, when the Roman Empire collapsed, the population could not be sustained. Wars, famine, 
and disease gradually returned the population to “normal” levels. 

With occasional major decreases that correlate with great plagues, the slow exponential 
growth trend continued until around 1700. As seen in Figure 5, around the start of the Eighteenth 
Century, the Industrial Revolution caused massive urbanization and consequent population growth. 
Mechanization of agriculture and improved means of transporting and distributing food, allowed 
fewer people on fewer farms to feed a much greater number in the cities. The industrial revolution 
population growth rate (with a time constant of roughly 200 years) continued until World War I. 
Two more changes in population rate occurred roughly in 1920 and in 1950 and corresponded with 
“baby booms” produced as soldiers returned home after the two great wars. During this same 
period, medical science was making great strides at lengthening life spans and agriculture was 
becoming even more mechanized and dependent on chemicals (pesticides and fertilizers) to increase 
efficiency and total food production at the same time. The current time constant is roughly 70 
years. 
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However, starvation (or accompanying pestilence or war) is not the only population limit. 
Another is imposed by quality of life. [11] Historically, poor families produced large numbers of 
children; well-to-do families have barely maintained themselves (producing roughly two offspring 
or less). If a larger fraction of the population experiences economic gains that place them above the 
“poverty level”, then they too are likely to adopt family planning and birth control. Affluent 
families also desire more space per person and access to parks and recreation areas. Third world 
countries are raising their standards of living and their economies are becoming more industrialized 
(if not informationized) as time goes by. More people are each demanding more space per individ- 
ual. The growth in space demand is faster than the exponential growth in population. Since the 
world is running out of habitable open spaces, these facts suggest that the population will impose 
limits to growth long before any Malthusian sustenance limit is reached. 

Economic priorities may cause technical growth to slow even sooner. Scientific advance- 
ment has already slowed in a few fields because of the increasing cost of equipment. Particle phys- 
icists bemoan the cancellation (for budget reasons) of virtually every project for developing acceler- 
ators with higher particle energy. For the time being they are content to convert existing accelera- 
tors into colliding beam systems, but soon the limits of conversion will be reached and growth will 
stop. Plasma physicists attempting to achieve fusion power are stymied because the costs of their 
next experimental systems are projected to exceed any practical budget authority they might be 
given. Ground-based astronomical telescopes have grown in size to where their budgets will 
preclude significantly larger individual telescope projects in the future. The application of adaptive 
optical techniques (essentially phased array optics) will reduce costs somewhat, but practical 
economic limits will still be reached within one or two decades. Ground-based astronomy may well 
be forced to resort to network existing telescopes into large arrays in order to make much more 
progress. 

When a single scientific endeavor begins to cost a significant fraction of the government’s 
budget, hard choices will be made. Unless the payoff can be shown to be real and immediate, the 
investments in technology will not be made. It should be noted that a detailed and serious plan was 
put forward in the late 1 970 ’s for space-based solar power systems. [12] The technology existed to 
have completed the project before the year 2000. Unfortunately, the projected costs were a substan- 
tial fraction of the total size of the U. S. economy every year for a couple of decades. There was 
just no way to afford the program in the short term, no matter how big the long-term payoff (limit- 
less, free power for the entire world (until the sun burns out) after the system became totally self- 
sustaining in the early 2000’s). 

Manned space exploration itself was a victim of budget problems in the 1970’s. The huge 
space stations, permanent lunar colonies, and manned voyages to Jupiter portrayed in the classic 
movie (by Stanley Kubrick) and book (by Arthur C. Clarke), 2001: A Space Odyssey . [59] were 
completely consistent (including the 2001 date) with NASA’s long range plans in the 1960's. 
However, public pressure to address problems closer to home (education, civil rights, poverty, 
social security, etc.), coupled with questionable NASA leadership, caused prolonged budget cuts 
and shifts in priorities (towards robotic exploration rather than manned exploration) that effectively 
killed any hope of man’s continued conquest of space for the better part of a half-century, if not 
longer. 
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We have shown that technology advancement is at least roughly exponential at the present 
time and that it can be expected to continue to be exponential for perhaps another century. Then at 
the very least, the exponential rate constant must decrease (the rate constant is the inverse of the 
time constant or “e-folding” time - the time required to grow or decay by a factor of 1/e) causing 
a “slowing” of the rate of growth. It is of interest to ask for how long has the growth been exponen- 
tial? The data on the rate of growth in numbers of scientific journals shows a break in the exponen- 
tial behavior around 1750. This is not surprising. The middle of the Eighteenth Century represents 
a time of transition. Colonialism was at its peak (but would soon start to decline) and the Industrial 
Revolution was just beginning. The decreasing lack of available potential colonies means that 
adventurers are being increasingly forced away from exploration for conquest and into exploration 
for discovery. The increase in knowledge about the environment and the increased sharing of 
knowledge between cultures was one factor fueling future growth. 

The Industrial Revolution forced people off of the fanns and into cities. The decrease in 
reliance on agriculture as a means of livelihood started an increase in the fraction of the population 
that was not involved in mere subsistence. The Industrial Revolution also allowed the middle class 
to explode. Merchants were required to feed the new factory workers coming from the farms. 
Landlords and members of the building trades were needed to house the new workers. Factory 
owners became wealthy in their own right, for the first time rivaling the wealth of the landed 
aristocracy. The increased number of wealthy people meant that more people could go to a univer- 
sity and acquire an education. Prior to this time only the aristocracy and the clergy (both essentially 
limited in numbers) could obtain educations and thus contribute to technology development. 

If technology advancement had maintained exponential growth from time immemorial, then 
we would be faced with the second major problem of exponential growth. If the number of discrete 
technological developments is not infinite, then back-projecting exponential growth from a finite 
number means that at some point in the past, the number of developments must become less than 
one. Since a development is a discrete event, it must be integer. You cannot have less than one 
development. Thus, prior to some point in time we must have had no technology. Then, a miracle 
occurs, and the first technology development occurs, then a second, etc. During this early period 
growth cannot be exponential, although it may be an integer approximation to an exponential. 
Since we have no way of enumerating specific developments, we cannot determine the total number 
of developments at the present time and thus cannot determine the age at which technology began 
by back-projecting the exponential to unity. 

The dramatic changes associated with the Industrial Revolution almost certainly means that 
the time constant for technological change was much longer than the current 22 years. If the time 
constant is the same as the time constant for population growth (this is not unreasonable in a 
population where education is limited to the aristocracy and the clergy), then the total relative 
growth in technology during the entire period from 4000 B.C. to 1750 A.D. (7 million population 
growing to 800 million - a 1 14-fold increase) will be roughly equivalent to the relative growth in 
technology between 1900 and the present. Although this seems surprising at first, it is clear that 
things did not change as quickly several millennia ago as they do today. In a later chapter we will 
see several quotes that suggest that any technological changes that occurred were almost impercep- 
tible. 
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Chapter 3. Remembering the Past: The World in 1900 



“I have but one lamp by which my feet are guided, and that is the lamp of experience. I 
know of no way of judging of the future but by the past. ” 

- Patrick Henry, “Give me Liberty or Give me Death” Speech Before the Virginia 
Convention on 23 March 1775 

“ Those who cannot remember the past are condemned to repeat it. ” 

- George Santayana, The Life of Reason , Vol. 1 (1905-1906) 

“A generation which ignores history has no past - and no future. ” 

- Robert A. Heinlein, Time Enough for Love. (1973) 



As Henry, Santayana [13], and Heinlein [14] have so eloquently made the case, history is 
an invaluable guide to the future. We ignore it at our physical and technological peril. Its impor- 
tance as an element in both general and technical education cannot be understated. 

The analysis in the preceding chapter leads us to expect that science and technology in the 
year 2100 will present us with 17x to 60x as many technological marvels as have been created since 
the beginning of time. This is almost unfathomable. For every known invention, we can expect 50 
to 350 new inventions. Consider telecommunications. A short list of major telecommunications 
inventions from the beginning of history until the present might include: 

- speech 

- writing 

- paper 

- signal drums 

- smoke signals and signal fires 

- semaphores 

- signal flags 

- mail (postal service) 

- newspapers 

- the Pony Express 

- telegraphy 

- telephony 

- undersea cables 

- radio 

- television 

- airmail 

- satellite communications 

- cellular telephony 

- E-mail 

- Internet (World Wide Web). 
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We have had at least twenty major breakthroughs in telecommunications in past history. An expert 
could probably generate a much longer list, but this one will suffice. By 2100, we can reasonably 
expect between 140 and 1200 equally major inventions in telecommunications to have been made. 
Similar massive arrays of new inventions are anticipated in every other field, such as medicine, 
transportation, energy, education, agriculture, manufacturing, etc. What forms will these inventions 
take? What principles will they use? How will they alter our lifestyles? These are among the 
problems that face us in projecting the long-term future of technology. 

For almost anyone born after 1900, it is difficult to comprehend the world as it existed in 
1900. For most of us (the author included), even our grandparents were not old enough in 1900 to 
remember much detail of the turn of the century, if they had even been born yet. Based on our 
preceding arguments, we expect the world of 2 1 00 to be as different from the world of today (2000) 
as today is compared to the world of 1900. For this reason it is instructive to review the world in 
1900 in some detail - something we can do with reasonable accuracy. It may cast the rate of 
technology change into more concrete, more understandable tenns. In the following paragraphs we 
describe the world as it was in 1900 in a number of important social and technological areas. At 
the end of each area we will briefly compare the 1900 status with 2000 status, and ask a few 
questions that this suggests might be relevant to what 2100 could be like. 

EDITORIAL NOTE: The author reviewed thousands of sources in accumulating the data 
used to compile this chapter. It is impractical to cite every source used in this compilation. 
In some instances conflicting data were found. The author used his best judgement in deter- 
mining which data to include in this presentation. 



GEOGRAPHY - Although the face of the globe is not noticeably different today, there have been 
a number of minor changes since 1900. At least one completely new volcano has appeared (e.g., 
Paricutin in Mexico in 1943). A number of volcanoes have explosively erupted and drastically 
changed their surrounding landscapes (e.g., Mt. Pelee in Martinique in 1902, Mt. St. Helens in 
Oregon in 1980, and Mt. Pinatubo in the Philippines in 1991). At least one new island has been 
formed by underwater vulcanism (Surtsey near Iceland in 1963) and at least one island has disap- 
peared completely due to manmade influences (Elugelab in the Enewetak atoll was vaporized by a 
hydrogen bomb in 1952). Hundreds of rivers have been dammed to create man-made lakes. A few 
of these are as large as major inland seas. The Earth also has thousands of artificial moons and an 
artificial ring that did not exist in 1900. 

The geopolitical entities we call countries have undergone considerable revision. In the 
Europe of 1900, the following countries do no exist (except perhaps as provinces, although a few 
existed as countries at earlier times): 

Poland 

Lithuania 

Latvia 

Estonia 

Belarus 

Ukraine 

Moldova 
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Ireland 

Czech Republic 

Slovakia 

Slovenia 

Bosnia 

Albania 

Macedonia 

Finland. 

Montenegro is an independent country. Austria, Hungary, Czech Republic, and Slovakia are all 
unified as part of the Austro-Hungarian Empire. In North America, all countries exist as today, 
although one (British Honduras in 1900) now has a different name (Belize). However, the flag of 
the United States has only 45 stars: Arizona, Hawaii, Alaska, Oklahoma, and New Mexico are still 
territories. The Philippine Islands and Cuba are under U. S. control as a consequence of the 
Spanish-American War recently won by the United States. 

In Africa, many countries do not yet exist. All of Africa, except Liberia (a democracy) and 
Ethiopia (a monarchy), are colonies of Britain, France, Germany, Italy, Belgium, or Portugal. In 
South America, Panama is still a province of Colombia (the U. S. has not yet encouraged Panama’s 
revolt against Colombia to facilitate building the Panama Canal) but all other countries exist as 
today. A few are still colonies of European empires. In Asia, virtually all of the Mideast is part of 
the Ottoman (Turkish) Empire. India and Pakistan as a single entity comprise the “Jewel in the 
Crown” of the British Empire. Southeast Asia is a French colony. Korea is part of Japan. Siam is 
one of the few independent kingdoms in the continent. Malaysia and Indonesia are Dutch colonies. 
Australia and New Zealand are British colonies. Most of the islands of Oceania are under French, 
British, Dutch, or American control. 

In 1900, the world was dominated by a handful of colonial empires. In 2000, there are 
hundreds of smaller independent nations; the colonies have become independent and some 
larger federations have split apart. Will there still be a multitude of independent states in 
2100? Or will each continent have united to form a superstate? Or what? Will there be new 
countries on other planets? 



POLITICS - Most European countries are monarchies with the exception of France, which is once 
again a republic. Many of these monarchs are well-known historical figures: 

- Victoria is the Queen of Great Britain. Robert Marquess of Salisbury is Victoria’s Prime 

Minister. 

- Wilhelm II is the Kaiser of Germany. 

- Nicholas II is the Tsar of all the Russias. 

- Umberto I is assassinated (1900) as King of Italy & replaced by Victor Emanuel III. 

- William George I is King of Greece. 

- Alfonso XIII is King of Spain and Maria Cristina is his Regent. 

- Christian IX is the King of Denmark. 

- Wilhehnina is Queen of the Netherlands. 

- Leopold II is the King of Belgium. 
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- Franz Josef I is emperor of Austria and King of Hungary. 

- Oskar II is King of both Sweden and Norway. There is one king but two parliaments. 

- Carol I is King of Rumania. 

- Ferdinand I is Prince of Bulgaria. 

- Abd Al-Hamid II is Sultan of the Ottoman Empire. 

Most of the European monarchs are related in some way to Victoria of England. Emile Loubet is 
the President of France and Pope Leo XIII heads the Roman Catholic Church in the Vatican. 

The rest of the world has few well-known leaders or leaders of any historical significance. 
Among those few are: 

- Meiji is the 122 nd Emperor of Japan. He is the father of Hirohito. 

- Guang Xu is the ninth Emperor of the Qing dynasty in China. 

- Chulalongkorn (Rama V) is the King of Siam. This is the king famous today from the 

book “Anna and the King of Siam” and musical comedy “The King and I”. 

- William McKinley is the President of the United States. 

- Porfirio Diaz is the President of Mexico. 

As is evident from the lists above, monarchies dominate all forms of government. However, 
more than a few have already become constitutional monarchies with most power residing in a 
parliament of some fonn. Imperialism is still the norm. However, colony acquisition has essen- 
tially stopped. There are few lands left that have not been claimed by one of the major powers. 
Antarctica has escaped partition predominantly due to lack of exploration. Roald Amundsen did 
not reach the South Pole until December 14, 1911. The United States has ended its westward 
expansion and has just begun to be a serious (although still minor) player in the arena of interna- 
tional affairs. Capitalism is the universal economic system. Slavery has been abolished in most 
parts of the world. Communism is still a theoretical and untried economic and political concept 
with a very limited following. It will rise and fall in the 100 years between 1900 and 2000. The 
Zionist movement has just been founded (1897). Contrary to Communism, it will continue to be 
strong in the present era. Women are still two decades away from being given the right to vote in 
America. 

The Sino-Japanese War ended five years ago. The Spanish- American War has just ended. 
The Boer War (Boers vs. British) in South Africa is at its height. The Russo-Japanese War is four 
years away. World War I is a decade and a half in the future. 

In 1900, national governments were predominantly monarchies. In 2000, democracies 
vie with dictatorships as the dominant form of government. Small wars occur with great 
frequency. In 2100, will there still be national governments, or will a world government have 
replaced them? Will democracy prevail as the dominant form of government or will it have 
been replaced by something new? Will global corporations replace governments as the 
providers of social order? Will we still have small wars with great frequency? Will global 
war have become unthinkable? Or will war have become an oddity of the past? 
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POPULATION AND ECONOMY- The population of the earth in 1900 is 1,650,000,000. This 
is up from 980,000,000 in 1800. The estimated population in 2000 will be 6,230,000,000. The 
population of the United States in 1900 is 76,212,168. This is up from only 5,308,483 in 1800. The 
estimated population in 2000 will be 275,000,000. In 1900 the center of population in the United 
States is near Columbus, Indiana. The Geographic Center of the United States is near Lebanon 
Kansas. Obviously, most of the population of the United States lives east of the Mississippi River. 
Only 20% of the population lives in large urban centers. New York, Chicago, Philadelphia, St. 
Louis, Boston, and Baltimore are the only cities with more than 500,000 inhabitants. In 2000, there 
will be approximately 80 Metropolitan Statistical Areas (MSA) with population of greater than 
500,000. 

The average life expectancy for White males in the United States is 48.2 years in 1900. This 
is up from roughly 35 years in 1800. The estimated life expectancy in the year 2000 will be 77. 1 
years. In 1900 many (of the order of 100,000) U. S. Civil War veterans and many ex-slaves are still 
alive. 



Most people live within walking distance of where they work. Roughly 25% of the popula- 
tion is engaged in agriculture. In 1800, the fraction engaged in agriculture was roughly 90%. By 
2000, that fraction will have fallen to an estimated 2%. Most agriculture involves small family 
farms. Animals still provide the motive power for farming, although many fanning tasks (plowing, 
seeding, mowing, harvesting, etc.) have been mechanized in the United States. Of those not 
engaged in agriculture, most people work in factories. Most factories are powered by steam engines 
or water wheels. Power is supplied to individual machines by belts and pulleys. The reliance on 
a central power source with distribution to the working areas dominates factory design. It will be 
another quarter century before the advent of widely available, cheap electrical power and inexpen- 
sive, efficient electric motors coupled with the proliferation of assembly line techniques will 
revolutionize factory design. The “assembly line” has not yet been invented in 1900. It will be 
another fourteen years before Henry Ford perfects the first assembly line for mass producing his 
Model T automobile. Exploitation of child labor in fields and factories is an accepted practice in 
all countries. However, in Western societies, the 8-hour workday has recently become the norm. 

In 1900, the world population of 1.65 billion largely lives in small-to-medium size 
towns and works in shops and factories (only 1 in 5 is involved in agriculture). In 2000, the 
world population of 6.23 billion largely lives in large metropolitan areas and works in infor- 
mation or service industries (only 1 in 50 is involved in agriculture). In 2100, will we have the 
projected population of 23.5 billion? Or will birth control have become mandatory? Will we 
live in a handful of regional supercities? Will we have begun a migration into space? Will we 
be involved in information industries or will “work” be obsolete? Will the production of food 
be entirely automated? 
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TRANSPORTATION AND ENERGY - If you lived in a large city (<20% of the population) in 
America, you probably had electricity for lighting. Most of the rest of world has not been electri- 
fied. Most home appliances are still manually powered. If you lived in the country in America, or 
in a small town, you did not have electricity at all. In fact, some parts of the United States did not 
receive electricity until the 1950’s. The Rural Electrification Project was established during the 
Depression to oversee a governmental decision that electricity was to be made available to every 
homestead in the country. In 1900 natural gas still provides a significant amount of illumination 
and some heating. Coal and fuel oil provide most of the energy for heating of homes and offices in 
cities. Wood is still the dominant source of heat energy in rural areas. 

Coal-fired steam engines provide the dominant motive force for industry. In those areas 
blessed with fast-moving rivers and streams, waterpower is still a significant mover for industrial 
application. For example, the water-powered mills of New England continued to be viable well into 
the 20 th Century. 

Coal-fired steamships dominate ocean transportation. A Transatlantic crossing takes 
approximately 7 days. Although the Suez Canal has been functioning for more than three decades, 
construction of the Panama Canal is four years from beginning. Sea transport from New York to 
San Francisco must still go “Round the Horn”, a long and dangerous voyage. 

Horse-drawn vehicles are the dominant form of local land transportation. Affordable 
automobiles with internal combustion engines are several years in the future. The Diesel engine has 
only been available since 1897. Railroads are the dominant form of long-distance land transporta- 
tion. Locomotives are still powered by steam produced by burning coal. Rail lines literally connect 
all parts of the country. Barge transportation on rivers and canals is significant where it is available. 
Commercial air travel is of course non-existent in 1 900, awaiting the Wright Brothers first powered 
flights the following year. 

In 1900, people used gas for lighting, coal for power generation, and traveled by rail 
or horse-drawn carriage. In 2000, people use electricity for lighting, gas/coal/oil/nuclear to 
generate electrical power for all applications, and travel by automobiles and jet aircraft. In 
2100, will we still use electricity? Will we still have usable quantities of fossil fuels? Will 
fusion power have become practical? Will public transportation have totally replaced per- 
sonal transportation? Will space travel have become commonplace? 
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SOCIAL INTERACTION - In 1900, the family is the most important unit of the culture. The 
family traditionally has two parents, with the wife staying at home to raise the children and keep the 
household in order. Elderly grandparents (if still alive) either live with the family or live in their 
own houses nearby. Brothers and sisters, aunts and uncles, and cousins, nephews, and nieces often 
live in the same city. The exceptions are those who participated in the great westward migration. 
However, after migration, they established a new nuclear, extended family. 

The major forms of public entertainment include a variety of commercial as well as 
community-, state-, and church-sponsored events such as: 

- Theater, Symphony, Ballet, and Opera. 

- Lectures (many people made a living traveling from town to town lecturing on topics 

including such diverse fair as the arts, literature, history, religion, science, politics, and 
exploration. A population thirsty for any form of diversion flocked to these lectures.) 

- Dances (from Balls to bam dances) 

- State and County Fairs 

- Sporting Events (including a few professional sporting events, but more often participative 

among school, town, or industrial teams) 

- Town picnics and church socials. 

- Revival meetings and other Evangelical assemblies. 

Motion pictures are novelties in the cities. They are beginning to find a growing popularity. The 
phonograph enjoys mild popularity among the more well-to-do. Commercial radio is many years 
away (radio is completely unknown to most people); television is not even a dream. Arts & crafts 
and reading are still the dominant form of personal entertainment and enrichment. 

Universal childhood education is a novel concept that is practiced in only a few western 
countries. Literate people write frequent letters to each other and often keep diaries or journals to 
record personal and family histories. George Eastman’s first camera for the amateur with reload- 
able film is only four years old, but its popularity is growing rapidly. Drawings or paintings are still 
routinely commissioned to create lasting pictorial records of people or events. Books are still the 
dominant archive of infonnation. Printed paper journals compete with books for this title in 2000, 
but both are beginning to be displaced by electronic information storage. 

Newspapers are the dominant form of information distribution in 1900. The telephone 
system is expanding rapidly, but most people still do not have telephones. The Bell Telephone 
System has a total of 855,900 telephones. Nationwide, only 1 house in 13 has phone service. In 
rural areas, the lack of access to telephones will last as long as the lack of access to electricity (the 
U. S. was not totally electrified until the 1950’s). Transcontinental communications are still 
predominantly by mail or telegraph. Intercontinental communications are only conducted by mail 
or telegraph. Neither intercontinental radio nor intercontinental telephony has yet been demon- 
strated. Marconi does not make the first radio transmission across the Atlantic until 1901. 

In 1900, the family was two-parented and extended and the wife worked in the home. 
Social interaction centered about family and neighbors. Entertainment was often educational 
or productive in nature. In 2000, families are often single-parent, almost never extended, and 
the wife has a job outside the home. Social interaction is widely varied, geographically 
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distributed, and often involves neither family nor neighbors. Entertainment is seldom either 
productive or educational. In 2100, will the family still exist? Will conception be artificial 
(and government controlled)? Will children be raised in creches? Will entertainment be 
entirely individual and/or electronic in character? 



CHEMISTRY - The 19 th century has commonly been called the “century of chemistry”. In this 
same vein the 20 th century is called the “century of physics” and the 21 st century is predicted to be 
the “century of biology” (although a few would say the “century of infonnation technology”). In 
the science of chemistry, the following principles have been established by 1900: 

- Conservation of mass in chemical reactions 

- Theory of atoms as fundamental building blocks of matter 

- Fire as an exothennic (energy-releasing) reaction of oxygen and materials 

- Stoichiometry (fixed proportions of atoms) in chemical reactions 

- Avogadro’s Hypothesis (a mole of any gas - 6.02 x 10 23 atoms - at a standard temperature 

and pressure occupies exactly the same volume as a mole of any other gas) 

- Principles of chemical thermodynamics 

- Concept of chemical equilibrium 

- Mendeleev’s period table of the elements 

- Valence theory of chemical bonding 

- Fixed rules of chemical structure (including three-dimensional shapes of molecules) 

- Principles of chemical kinetics 

- Ionic theory of electrolytes 

- Hydrogen atom donor-acceptor theory of acids and bases 

- Concept of catalysis 

- Principles of electrochemistry 

- 83 of the first 92 elements (Uranium is element 92) have been discovered. 

Organic and inorganic syntheses have already resulted in many fortunes and the establish- 
ment of many chemical companies still in existence in 2000. Among the more notable of these are 
DuPont, Siemens, Bayer, GAF (General Aniline and Film), Goodyear, Nobel, and Dow Chemical. 

A few highly notable chemical concepts and technological developments have not yet 
occurred by the year 1900. These include: 

- Relationship of atomic number to chemical properties 

- Development of infrared and Raman molecular spectroscopy 

- Invention of nuclear magnetic resonance spectroscopy 

- Development of x-ray crystallography and x-ray photoelectron spectroscopy 

- Discovery of peptide bonds (and the amino acid basis of proteins) 

- Development of the concepts of oxidation and reduction and their relationship to chemical 

reactions 

- Development of the orbital theory (quantum theory) of chemical bonding 

- Development of the concept of Lewis acids and bases 

- Discovery of synthetic fibers (e.g., nylon) 

- Development of organometallic chemistry 
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In 1900, chemistry was an empirical science that had begun to produce a variety of 
“miracle products”. In 2000, chemistry was an experimental science with theoretical under- 
pinnings to virtually every aspect. In many respects it had become more of a technology than 
a science. More scientists were employed in industry than in academic or national laborato- 
ries. In 2100, will chemistry be a theoretical/computational/predictive science? Will quantum 
mechanical simulations of chemical reactions replace experimental “wet chemistry”? Will 
chemistry continue to be recognized as a field or will it have merged completely with atomic 
and molecular physics? Will the discovery of stable superheavy elements with unfilled outer 
“g” orbitals result in new chemistry? Will nanotechnology permit the synthesis of molecules 
that cannot be created using traditional techniques? 



PHYSICS - The 20 th century will become known as the “century of physics”. However, this 
century of advances was firmly rooted in the physical science developments (both chemical and 
physical) of the 19 th and earlier centuries. The state of knowledge in 1900 of the science of physics 
is described below. 

The laws of mechanics including celestial mechanics are well understood. In fact little has 
been added to our knowledge of classical mechanics since 1 900. The relationship between electric- 
ity and magnetism is understood. Maxwell’s equations are known and universally accepted. 
Electromagnetic radiation, which was predicted by application of Maxwell’s equations, has been 
experimentally observed. The fundamental principles of thermodynamics have been enumerated. 

Radioactivity has been discovered. Alpha, beta, and gamma radiation as well as X-radiation 
have been specifically detected and distinguished. Beta rays have been identified as energetic 
electrons. Gamma rays and X-rays have been identified as forms of electromagnetic radiation. The 
idea of quantization of energy is just about to be announced by Planck. 

Optics, optical instruments, and optical design criteria are fairly well understood. Interfer- 
ometers, spectrographs, cameras, telescopes, and microscopes have been developed to high levels 
of sophistication. Atomic and molecular spectroscopy (mostly in the visible and ultraviolet regions 
of the spectrum) has amassed immense databases that will drive the future development of atomic 
and quantum theory. Astronomy is a purely descriptive science. Galaxies, quasars, supernovae, 
neutron stars, pulsars, black holes, and protostars are not even concepts. 

However, the following conceptual and technological developments of immense signifi- 
cance to physics have not yet occurred: 

- Development of quantum concepts - quantum mechanics, quantum electrodynamics, and 

quantum chromodynamics 

- Liquefaction of helium and the discovery of superconductivity 

- Development of plasma physics 

- Discovery of the neutron and of nuclear fission 

- Development of special relativity, general relativity, gravitational theory, and cosmology 

- Invention of particle accelerators 

- Development of solid state physics 
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- Invention of vacuum tubes, transistors, and integrated circuits 

- Discovery of stimulated emission and the development of the laser 

- Development of the electronic computer 

It is the aggregate of these 20 th Century developments that has caused it to be labeled the “century 
of physics”. 

In 1900, physics was an experimental science. The world was entering the century of 
physics. In 2000, physics had transformed itself into a theoretical/computational/predictive 
science. “Big science” has become too big to be supported strictly for the sake of scientific 
progress. In 2100, will physics still be considered a science, or merely a set of technologies? 
Will a “theory of everything” (unified quantum theory of strong, weak, electromagnetic, and 
gravitational interactions) have been discovered and exploited? Will this theory cause a 
major revision in how we view and teach physics? Will all existing disciplines disappear to be 
replaced by an overarching discipline that treats them as mere subsets of the larger whole? 
Will computer simulation (computational physics) have completely replaced experimenta- 
tion? Will there be giant telescopes in orbit or particle accelerators around the circumfer- 
ence of the moon? Will nanotechnology become practical? Will quantum computers replace 
conventional computers? Will room-temperature superconductors be developed? Will an 
explanation be found for “cold fusion”? Will we have discovered evidence for life elsewhere 
in the universe? Will we have made first contact with intelligent extra-terrestrial life? 



BIOLOGY - Many predict that the 2 1 st century will be the “century of biology”. In 1900, biology 
and its two major subdivisions - zoology and botany - were predominantly descriptive sciences. 
One of the primary functions of scientific expeditions was still the collection of specimens of plants 
and animals to aid and extend classification. The Linnaean classification system (i.e., kingdom, 
phylum, class, order, family, genus, and species with a binomial genus-plus-species naming conven- 
tion) is universally used and accepted. 

Fossils and their relationships to geological strata are recognized. Darwin’s theory of 
evolution by natural selection is accepted by many in 1900, but it remains unproven, and many 
critics still exist. Politics and religion continues to mount serious campaigns against the theory. 
The Scopes’ “Monkey Trials” in the 1920’s will uphold a Tennessee state law against teaching 
evolution in schools. Even after having obtained what most scientists consider proof of the theory 
by the year 2000, creationism still persists. By 1900 Pasteur had long since disproved the theory 
of abiogenesis (spontaneous generation of life). 

Genetics has recently been rediscovered (Mendel’s earlier discovery was published in a 
journal so obscure it was effectively lost for over 30 years). The relationship of nucleic acids to 
genetics is not yet known. However, practical applications of “genetics”, artificial fertilization of 
animals, selective breeding, and plant hybridization have been performed. 

The existence of microorganisms has been known for over two centuries. A few viruses 
have been isolated by filtering. However, these viruses have not been observed (the electron 
microscope is decades in the future) and their characteristics are virtually unknown. All other forms 
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of “microorganisms” except Rickettsia and prions (prions are infectious proteins that have even less 
claim to “life” and microorganism status than viruses do) have been discovered. The macroscopic 
structure of cells and the function of cell constituents are understood by 1900. For example, cell 
membranes, nuclei, mitochondria, chromosomes, and cytoplasm have all been observed and 
identified. Cell division and it nuclear rearrangements have been observed. The characteristics of 
photosynthesis are known. 

By 1900 our knowledge of biochemistry is still very limited. A few enzymes are known and 
their catalytic function is understood. However, the chemical basis of metabolism (the metabolic 
cycles) is unknown. The amino acid basis of protein structure is not known. The nucleotide basis 
of nucleic acid structure and function is not known. Vitamins and their functions are not known 
(even though some remedies have been developed for what we know to be vitamin deficiencies - 
e.g., citrus fruit to prevent scurvy). Only one hormone (epinephrine) has been recently isolated. 
Other hormones and their functions are not known. Neuro transmitters and their functions are not 
known. It is the acquisition of this missing knowledge coupled with the development of tools to 
guide and/or alter biochemical processes during the 20 th century that leads to the prediction that the 
21 st century will be the century of biology. 

In 1900, biology was a descriptive science. Genetics and evolution are the only signifi- 
cant theories. In 2000, biology has become an experimental science. The human genome has 
been mapped and recombinant DNA species have been created and cloned. In 2100, will we 
still consider the 21 st Century to be the century of biology? Will biology have progressed to 
being a theoretical/computational/predictive science? Will we have discovered other life 
forms in space? Will life be created spontaneously in the laboratory? Will genetic engineer- 
ing create a breed of “super-humans”? Will biologically engineered species replace natural 
species in agriculture? Will biological processes replace mechanical or chemical processes in 
creating new materials and tools? 



MEDICINE - Medicine in 1900 is better than it was in medieval times, but only slightly. The only 
diagnostic tools available to doctors are: 

- Stethoscope 

- Ophthalmoscope 

- Sphygmomanometer (blood pressure monitor) 

- Thermometer 

- Reflex mallet 

- Microscope 

- Some bacterial stains 

- X-ray machines (at a very few large hospitals) 

The only treatment tools available to doctors are: 

- Anesthesia (only ether, chloroform, or nitrous oxide exist in 1900) 

- Antiseptic surgery and disinfection using carbolic acid 

- Surgical instruments for dissection, resection, and amputation 

- Hypodermic syringe 

- Some vaccines or sera (smallpox, anthrax, rabies, tetanus, cholera, diphtheria, and typhoid 



33 




fever) 

- A few medicinal drugs (opiates, cocaine, digitalis, strychnine, quinine, and aspirin) 

- A number of herbal cures derived from folk medicine (but that ultimately have their basis 

in drugs that will not be isolated and identified for many years) 

With the exception of the newly introduced X-ray machines, every diagnostic and treatment tool 
available to doctors in 1900 can be carried in their “little black bags”. 

A few diagnostic and treatment tools that are indispensable to modern medicine are not yet 
available. These include the following: 

- No antibiotics are available (in 1900 tens of millions of people died each year from infec- 

tions and communicable diseases that are considered minor in 2000) 

- Blood transfusions are unsafe because blood groups have not yet been discovered 

- Few psychoactive drugs (sedatives, stimulants, anti-depressants, hypnotics, etc.) are avail- 

able (cocaine, opiates, and hashish are the only psychoactive drugs commonly available 
in the western world) 

- Vitamins are not known 

- Radiation therapy and chemotherapy for cancer treatment is not available 

- Sonography, X-ray tomography, magnetic resonance imaging (MRI), positron emission 

tomography (PET), and other non-invasive visualization techniques are years in the 
future 

- Electrocardiography (ECG) and electroencephalography (EEG) are not yet available. 

- Microsurgical principles necessary for neurosurgery, cardiac surgery, and organ transplan- 

tation have not been developed 

- Immunosuppressant drugs necessary for organ transplantation have not been developed 

- The electron microscope has not been developed. 

The medical knowledge available to doctors in 1900 was as limited as the diagnostic and 
treatment tools available to them. Doctors generally possessed a detailed knowledge of anatomy 
and limited knowledge of physiology. Major physiological functions - the digestive, respiratory, 
circulatory, nervous, lymphatic, skeletal, and motor systems - are understood. However, the func- 
tion of the endocrine gland is not yet known. Doctors understand that a number of specific diseases 
are caused by specific microorganisms and that a few diseases are produced by organ dysfunction 
(e.g., diabetes by pancreatic disease and goiter by thyroid disease - but endocrine function is not 
recognized). The specific causes of most diseases have not been identified, although microorgan- 
isms are now suspected in almost every instance. Doctors in 1900 have little knowledge of bio- 
chemistry. 

In 1900, medicine can diagnose only a modest percentage of disorders and can cure 
very few diseases. Surgery of any kind is still a life-threatening process. In 2000, medicine 
can diagnose almost all diseases/disorders and can prevent or cure most bacterial diseases and 
many viral diseases. Surgery of almost any kind is no longer life threatening. In 2100, will we 
have cures for every infectious disease? Or will antibiotic resistance have reversed many of 
the gains made in the 20 th Century? Will surgeons be able to transplant any organ and 
remove any tumor or damaged tissue without risk? Will diagnosis be possible by anyone, 
anywhere, by portable electronic devices? Will doctors be replaced by intelligent machines? 



34 




THE MI L ITARY - The character of warfare in 1900 has changed dramatically since 1800, how- 
ever, few military leaders have recognized this fact. In fact, it will not really be recognized until 
late in World War I. Most of the changes have come in the lethality of military weapons that will 
render current tactics obsolete. The devastation of WWI will be the primary result of a failure to 
comprehend those changes. The things that have not yet changed include the following. 

In 1900 armies still move into combat on foot, on mule-drawn wagons, or on horseback. 
This did not change until motorized vehicles became commonplace in the civilian sector. It is a 
little known fact that most of the logistics for the German Army in World War II was supplied by 
horse- or mule-drawn wagons, even though the Gennan Army had already perfected and imple- 
mented the Blitzkrieg using armored vehicles. Only the Allied armies, which late in the war had the 
benefit of Detroit’s massive ability to manufacture light trucks, ceased to rely on animal power 
everywhere except in the jungles of Burma. 

In 1900 horse cavalry is still used for reconnaissance. The major offensive tactic is the 
frontal assault by massed infantry. Digging defensive earthworks and trenches is the major defen- 
sive tactic. Commanding officers on opposite sides of the conflict can often see each other visually 
during a battle. Command and control is performed by runners, semaphores, or signal flags. 
Artillery is used in direct fire for defense and indirect fire for offensive preparation of the battlefield 
prior to an assault as well as for general attrition and harassment of opposing forces. Smokeless 
powder, TNT-based explosives and breech-loading cannons are relatively recent innovations in 
artillery. Machine guns exist but are not yet widely deployed. Repeating rifles with attached 
bayonets are the primary infantry weapons. Rockets are seldom used except for signaling. Battle- 
field observation is occasionally performed using tethered balloons. Armored vehicles, aircraft, 
practical chemical weapons, and widespread use of automatic weapons are more than a decade in 
the future. Guided weapons are over four decades in the future. A Renaissance in personal body 
annor awaits the development of new materials in the latter part of the 20 th century. 

The Naval broadside cannon duels of the Napoleonic Wars and the U. S. Civil War are no 
longer standard practice. Gone too are the large parties of Marines whose purpose was to board 
enemy ships for hand-to-hand combat. Ramming is also no longer considered a viable tactic. How- 
ever, many senior officers remember the time when all three were standard tactics. “Crossing the 
T” is a naval tactic still under development. For civilians and non-Naval officers in the readership, 
“Crossing the T” involves one line of ships passing at right angles in front of another line of ships 
(the two lines forming a capital T). Ships in the “cap” or “cross” of the T can all fire at the lead 
ship in the trunk of the T with each ship being able to bring almost all of its guns to bear on that 
lead ship. The ships in the trunk of the T can only bring their forward guns to bear on the enemy. 
Furthermore, ships at the tail end of the trunk may be out of range of the ships in the cross. The net 
result of crossing the T is the ability to bring devastating firepower against one ship at a time, 
without the enemy’s ability to reply with more than a small fraction of its firepower, and that 
fraction being diluted against the entire body of the force. 

Table II compares the characteristics of naval vessels of various classes in 1900 and 2000. 
Turn of the century ships were slower, smaller, possessed considerably less firepower, and had 
much larger crews for their size than modern warships. Ships in 1 900 used coal-fired steam engines 
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for propulsion. Modem warships either use nuclear propulsion, gas turbine, or diesel engine 
propulsion systems. Target detection and weapon aiming is entirely visual. If the fleets cannot see 
each other, they cannot engage. Coastal artillery is still an effective deterrent to invasion. Naval 
gunfire in 1900 is not adequate to do more that inflict limited damage to shore facilities. Landing 
of troops on foreign shores can only be done by small rowboats or by using a non-hostile port 
facility to debark troops. This will not change until World War II. 

In 1900, land forces still traveled by foot or on horses, sea forces were small and steam- 
powered, and air forces were limited to a few balloons. Engagements occurred within visual 
range due to both sensor and weapon range limitations. Infantry tactics had changed little 
over the previous few centuries. Sea tactics have not yet caught up with the changes in ship 
technology. Conflicts are frequent and usually regional in nature. In 2000, land forces are 
mostly mechanized, sea forces use large ships with mechanical or electrical propulsion pow- 
ered by oil or nuclear power, and air forces can move at supersonic speeds using jet propul- 
sion. Engagements can occur at distances of hundreds of miles. Tactics change rapidly as 
weapons and sensor technology changes. Conflicts are frequent but typically limited in scale. 
The potential for escalation to a nuclear “World War” is ever present. In 2100, will we have 
seen a century of relative peace, a century of hundreds of minor conflicts, or a century with 
one or more (possibly cataclysmic) world wars? Will we have achieved complete nuclear 
disarmament, or will every country have a nuclear arsenal? Will tactical nuclear weapons 
become the weapon of choice in any conflict? Will an effective ban on chemical and biological 
weapons be enforced? Will directed energy weapons replace projectile weapons? Will 
synthetic armor make projectile weapons obsolete? Will battlefields become automated with 
engagements occurring solely between unmanned, remotely operated platforms? Will war 
become obsolete? Will new technology make possible weapons of destructive power orders of 
magnitude larger than thermonuclear bombs? Will the size, firepower, and cost of ships and 
aircraft continue to grow until a country can afford only one ship supporting both the navy 
and marines, and only one aircraft shared in rotation between the navy, air force, army, and 
marines? Will there be a unified (air, sea, land, & space) military service? Will space become 
a battlefield? 
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Table II. Characteristics of warships in 1900 and 2000. 



CLASS 

Battleship/ 

Cruiser 

torpedoes 

Destroyer 

Submarine 



Aircraft Carrier 



1900 



2000 



USS Illinois 

375 ft. long; 14245 tons; 1 6 kts speed 
40 officers and 496 enlisted 
4 13-in, 14 6-in/40, and 16 6-lb guns 
4 1 8-inch torpedo tubes 



USS Bunker Hill (CG52) 

567 ft. long; 9466 tons; 30+ kts speed 
24 officers and 334 enlisted 

122 missile tubes (SM-2, Tomahawk, Harpoon, ASROC) 

2 5-inch/54 and 2 CIWS Gatling guns; SLQ-32 EW system 
2 Mk 32 launchers, Mk 46 torpedoes; SH-60B LAMPS w/ Mk 50 



USS Bainbridae (DD1) 

250 ft. long; 710 tons; 28 kts speed 
3 officers and 72 enlisted 
2 3-in/50 and 5 6-lb guns 
2 torpedo tubes 



USS Holland 

56 ft. long; 74 tons; 5-7 kts speed 
1 1 8-inch torpedo tube 
(built in 1 900, the Holland was the first 
modern U. S. submarine) 



None 



USS Spruance (DD963) 

563 ft. long; 8040 tons; 33 kts speed 
20 officers and 299 enlisted 

2 5-in/54 guns and 2 CIWS Gatling guns; SLQ-32 EW system 
2 Mk 32 launchers, Mk46 torpedoes; SH-2F LAMPS w/ Mk 50 
RAM and Sea Sparrow missiles; ASROC missiles 

USS Tennessee (SSBN 734) 

563 ft. long; 1 8750 tons; 20+ kts speed 
15 officers and 140 enlisted 
24 Trident D5 SLBMs; Mk 48 torpedoes 

USS Seawolf (SSN21) 

353 ft. long; 9137 tons; 35 kts speed 
12 officers and 121 enlisted 

Mk 48 torpedoes; Tomahawk and Harpoon missiles 

USS United States (CVN75) 

1092 ft. long; 102,000 tons; 30+ kts speed 
594 officers and 5460 enlisted 

80+ aircraft (F-14, F-18, EA-6B, E-2C, S-3, C-2, helos) 

Sea Sparrow Missiles and 4 CIWS Gatling guns 

Mk 32 torpedo tubes and SLQ-32 electronic warfare system 
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Chapter 4. Major Developments of the Twentieth Century 



“In the fields of observation chance favors the prepared mind. ” 

- Louis Pasteur, Inaugural Lecture at the University of Lille (7 December 1854) 



We would expect that roughly 94-98% of all discoveries and inventions would have been 
made since 1900. In truth there have been millions of inventions and discoveries since 1900. Some 
of these have been truly revolutionary. The author has listed many of the more significant inven- 
tions in Table III. Nevertheless, any such list is obviously both subjective and incomplete. 

None of these inventions arose spontaneously in a vacuum. Earlier technologies had to be 
fully developed before any of these technological innovations could occur. For example, the 
discovery of superconductors was essentially impossible without the earlier development of cryo- 
genic technology. The ability to cool gases like helium to lower and lower temperatures until they 
liquefied and to store them (in Dewars) for substantial periods of time permitted experimentation 
at very low temperatures (lower than ever occurs naturally on Earth). On-going experiments on the 
electrical properties of metals could now be extended from room temperature downward toward 
absolute zero. These experiments showed anomalies that were inconsistent with current theories 
and hypotheses. The experimenters recognized that the anomalies were both real and that they 
implied a previously undiscovered physical process. Remember Pasteur’s quote above - a pre- 
pared mind is sufficiently educated in a subject to recognize anomalous behavior, to discriminate 
that behavior from noise or spurious behavior, and to accept that the anomaly requires something 
new. Continued experimentation provided data that led to new theories and new technology 
(superconducting magnets). This in turn paved the way for Josephson effect devices, nuclear mag- 
netic resonance imaging, magnetic levitation, superconducting quantum interference detectors 
(SQUIDS), and the development of high-temperature superconductors. 

Virtually every technological development has unbreakable connections to prior technologi- 
cal developments. Some of the finest demonstrations of this fact are the television series Connec- 
tions (created for the British Broadcasting Corporation and the U. S. Public Broadcasting System 
by James Burke) and in Burke’s subsequent television series Connections 2 and Connections 3 and 
in his regular column “Connections” in Scientific American. This author refers to the broader 
developments that necessarily preceded the one under consideration as technology enablers. Every 
major technological development was preceded by the development of one-or-more critical enab- 
lers. Cryogenics and electricity & magnetism are obvious enablers to superconductivity. Less 
obvious is thermodynamics which was a necessary prerequisite to cryogenics. Care must be taken 
how far back one goes in identifying enablers. Obviously, the development of thought and the first 
use of tools are enablers to almost every human technology. Even further back, the development 
of life, the formation of planets capable of supporting liquid water, and the formation of stellar 
systems could be considered enablers. However, all of these latter “enablers” are so universal that 
we should ignore them and concentrate on the immediately prior few that would have prevented the 
technological development under consideration had they not occurred. 
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In light of the above Table III lists not only the major discoveries and inventions of the 20 th 
century, but also the technological developments (experimental and theoretical) that enabled their 
invention. Many of the 20 th Century’s breakthroughs depended on 19 th Century and earlier develop- 
ments. Table III also lists some of the implications of these 20 th Century inventions on warfare. 
Some, such as the invention of the airplane, radio, satellites, and nuclear weapons, have completely 
changed the nature of modern warfare. Others, such as the development of antibiotics or the 
electron microscope, have had significant impacts on warfare, even though their primary impact is 
in fields almost antipathetic to warfare and the military. The technology forecaster should bear this 
in mind. Truly significant developments will expand beyond their original domains and change ah 
aspects of human endeavor, including warfare. The reader is commended to spend the time re- 
quired to assimilate and understand the information presented in Table III. It is part of the exten- 
sive preparation necessary to pursue technology assessment as defined in later chapters. 

A detailed study of the history of science and technology is also part of the preparation 
process referred to above. If the potential technology assessor has not already taken classes in such 
subjects, then he should either do so or read any of a multiplicity of texts currently available. A 
quick search of on-line booksellers yielded the nineteen titles listed in Table IV. The author has not 
reviewed any of these books and is not prepared to make any recommendations. His own general 
readings on the subject tend to date from the 1 950's and 1960’s and are essentially obsolete as far 
as newcomers are concerned. The list of recent works is reproduced here for the convenience of the 
reader. As the reader studies any of these histories he should pay special attention to identifying the 
enablers. Technology assessors are much less interested in who invented or discovered something 
or when that something was discovered than they are in the events and discoveries that led up to the 
invention or discovery under consideration. It is the “connections” that make the difference. When 
the potential technology assessor can identify the connections and enablers in past technology 
developments, he will be better prepared to identify the existing enablers and predict any missing 
enablers necessary for future technology developments. 
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Table III. Major discoveries and inventions of the 20 th century, the technological developments that enabled their invention, and the 

implications of these inventions on warfare. 



INVENTION 

Internal Combustion Engine 

Aerodynamic Flight 

Jet Propulsion 

Rocket Propulsion 

Space Flight & Satellites 

Geographic Position System 

Nuclear Energy 

Electrical Machinery 

Radio 

Television 

Lasers 

Superconductors 
Cryogenics 
Electronic Computers 
Vacuum Tubes 
Transistors 
Integrated Circuits 
Antibiotics 
Recombinant DNA 
Genetic Code 
Neurotransmitters 
Electron Microscope 



TECHNOLOGICAL ENABLERS 
Thermodynamics, Mechanics, Steam Engines 
Internal Combustion Engine, Aerodynamics 
Thermodynamics, Chemistry, Aerodynamics 
Thermo., Aero., Chemistry, High-Temp. Materials 
Rocket Propulsion, Orbital Mechanics 
Radio, Satellites, Atomic Clocks 
Quantum Theory, Radioactivity 
Electromagnetic Theory, Mechanics 
Electromagnetic Theory, Vacuum Tubes 
Electromagnetic Theory, Vacuum Tubes, Radio 
Electromag. Theory, Quantum Theory, Spectroscopy 
Thermodynamics, Electromag. Theory, Cryogenics 
Thermodynamics, Electromagnetic Theory 
Vacuum Tubes, Boolean Algebra, Mech. Calculators 
Electromagnetic Theory, Vacuum Technology 
Electromagnetic Theory, Semiconductors 
Transistors, Microlithography 
Bioculture, Germ Theory of Disease 
Genetics, Chemistry, Bioculture 
Genetics, Chemistry 
Chemistry, Nerve Cell Anatomy 
Vacuum Tubes, Electromagnetic Theory 



IMPLICATIONS FOR WARFARE 
Propulsion (Land, Sea, Air), Power Generation 
Air Dominance, Bombing, Aerial Reconnaissance 
Supersonic Flight, Rapid Deployment of Forces 
Guided Missiles, Satellites, Global Positioning System 
Spy, Weather, Navigation, & Communication Satellites 
Brilliant Weapons, Navigation, Position Location 
Nuclear Weapons, Ship Power & Propulsion 
Motors, Generators, Superhuman Force 
Non-Line-of-Sight Communication, Remote Control 
Graphical Communications, Remote Sensing 
Smart Weapons, Directed Energy Weapons 
Efficient Electronic Systems, Magnetic Sensors 
Infrared Sensors, Magnetic Sensors, Efficient Machines 
Smart Weapons, Autonomous Systems, Data Fusion 
Electronic Systems, Radio, Television, Radar 
Small Electronic Systems, Power Conversion 
Miniature Electronic Systems, Personal Computers 
Combat Medicine, Surgery, Biological Defense 
Medicine, Biological Weapons, Biological Defense 
Medicine, Potential "Superwarriors" 

Neurotoxin Antidotes, Pain Relief, Psychoactive Drugs 
Virology, Integrated Circuits, Advanced Materials 
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Table IV. A selection of current books on the history of science and technology. 



AUTHOR 


TITLE 


PUBLISHER 


DATE 


PAGES 


Stephen F. Mason 


A History of the Sciences 


Macmillan Publishing 


1977 


640 


A. Hellemans & B. Bunch 


The Timetables of Science 


Simon & Schuster 


1991 


660 


John Gribbin 


A Brief History of Science 


Barnes & Noble 


1998 


224 


Ivor Grattan-Guinness 


The Rainbow of Mathematics 


Norton 


2000 


832 


J. McClellan & H. Dorn 


Science & Technoloav in World History 


Johns Hopkins Univ. 


1999 


404 


Arthur Greenberg 


A Chemical History Tour 


John Wiley & Sons 


2000 


312 


Anthony M. Alioto 


A History of Western Science 2 nd Ed. 


Prentice Hall 


1992 


454 


David Knight 


Ideas in Chemistry 


Rutgers Univ. 


1994 


213 


Robert C. Olby et al (Eds.) 


Companion to the History of Modern Science 


Routledge 


1996 


1081 


A. C. Crombie 


A History of Science from Auaustine to Galileo 


Dover Publications 


1995 


464 


Joseph Needham 


Science & Civilization in China Vol.2 


Cambridge Univ. 


1956 


722 


L. Williams & H. Steffens 


The History of Science in Western Civilization 


Univ. Press of Amer. 


1977 


336 


R. Spangenburg & Moser 


History of Science from Ancient Greeks to ... 


Facts on File 


1993 


166 


E. Janet Browne et al (Eds) 


Dictionary of the History of Science 


Princeton Univ. 


1985 


528 


T. K. Derry & T. 1. Williams 


A Short History of Technoloav 


Dover Publications 


1993 


749 


Arnold Pacey 


Technoloav in World Civilization 


MIT Press 


1991 


256 


D. Cardwell & R. Porter 


The Norton History of Technoloav 


Norton 


1994 


565 


Ian McNeil (Ed.) 


An Encyclopedia of the History of Technoloav 


Routledge 


1996 


1062 


Ervan G. Garrison 


A History of Enaineerina and Technoloav 


CRC Press 


1999 


368 
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PART II. PREDICTING TECHNOLOGICAL CHANGE 



Chapter 5. Remembering the Past: Egregious Erroneous Predictions 

CLARKE ’S FIRST LA W: 

“When a distinguished but elderly scientist states that something is possible he is almost 
certainly right. When he states that something is impossible, he is very probably wrong. ” 

“elderly” - “In physics, mathematics, and astronautics it means over thirty; in other 
disciplines, senile decay is sometimes postponed to the forties. There are of course, glori- 
ous exceptions; but as every researcher just out of college knows, scientists over fifty are 
good for nothing but board meeting, and should at all costs be kept out of the laboratory. ” 

- Arthur C. Clarke, Profiles of the Future (1972) 

“Always listen to experts. They ’ll tell you what can ’t be done and why. Then do it. ” 

- Robert A. Heinlein, Time Enough for Love (1973) 

“Science is the only self-correcting human institution, but it is also a process that pro- 
gresses only by showing itself to be wrong. ” 

- Allan Sandage, source unknown (date unknown) 

The historical record is full of predictions of the future of technology. It has long been a 
favorite pastime of journalists to ask the leaders in any field to predict what the future has in store. 
Even without journalistic prodding, more than a few such leaders have felt compelled to offer such 
predictions. Many of these predictions, despite having been made by people eminent in those fields 
of technology, and often despite addressing a very short projection into the future, have been 
terribly wrong. As Clarke [15] and Heinlein [14] both point out, experts who say something can’t 
be done are almost always wrong. The quote by Sandage also promises that those mistakes will be 
quickly discovered and publicly acknowledged. [63] Conversely, predictions (by experts) that 
something can be done, are almost always right. Yet these successful predictions are seldom 
remembered unless truly prophetic (such as those by Leonardo or Verne or Wells) and recorded in 
works of lasting significance. Before attempting to prescribe a methodology for predicting the 
future of technology, it is instructive and humbling (not to mention entertaining) to review a number 
of these past erroneous attempted predictions. It is even more instructive to try to ascertain reasons 
why the prediction was made and then proved false. As we shall discuss later, expert opinion is 
essential in performing technology assessment. Understanding how and why expert opinion may 
go wrong is essential if any hope is to be had in avoiding such mistakes in the future. 

As every successful journalist and politician knows, when quotes are taken out of context, 
even the most profound statements can be made to seem ridiculous. To that end, the author has 
attempted to provide as much of the original quote as practical as well as some of the historical 
context in which the quotes were made. In many cases, the author does not know the precise 
context of the quote and cannot know what the quoter was thinking (except in a few instances when 
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these thoughts were voiced to historians). However, wherever possible, the author has suggested 
possibilities that make some of the predictions less surprising (and less technologically ridiculous). 
The author is not attempting to malign any of the individuals involved, even when it is likely that 
less than forthright motives may have influenced the quote. Their solid reputations and prominent 
positions in history are the reasons why these quotes are memorable. However, public statements 
are usually self-serving, and history and circumstance have suggested that hidden agendas and 
ulterior motives may have been a factor in shaping some of the statements. Furthermore, only 
saints are immune from making the occasional snide or mean-spirited remark, and none of the 
individuals quoted have been nominated for sainthood. Objectivity demands at least mention of 
such factors when there is good likelihood of their being present. The author apologizes if his 
basically cynical perspective (cultivated by many years of practical experience) has led him to be 
overly harsh on any individual. Any interpretation of motive is a discussion of possibility, not 
certainty, and some possibilities are clearly less flattering than others. 

As mentioned in the editorial note below, the author has not been able to find original 
sources for every one of these quotes. As a result, some quotes may be misattributed. Some may 
in fact be modern fictions. For example, a famous quote conveying deep and meaningful insights 
(that guarantee its continued fame, or infamy, as the case may be) is commonly attributed to 
Petronius Arbiter in 66 A. D. (or some similar attribution), and goes something like, 

“We trained hard -but it seemed that every time we were beginning to form up into teams, 

we would be reorganized. I was learn later in life that we tend to meet any new situation by 

reorganizing, and what a wonderful method it can be for creating the illusion of progress 

while producing confusion, inefficiency, and demoralization. ” 

This “quote” is in excellent keeping with Petronius’ style and one would almost expect to find such 
sentiments in his Satyricqn.[60] Nevertheless, this quote cannot be found in any of Petronius’ 
known writings and is very possibly the creation of some British officer of the WWII era (and 
almost certainly educated in the classics (including Petronius) at public school). [16] The author 
apologizes if he has unknowingly perpetuated any such misattributions or popular fictions in the 
following. 

EDITORIAL NOTE: The author used dozens of sources in compiling this chapter. It is 
impractical to list every source. Where possible the original sources of quotations are cited. 
In a few cases they remain unknown to the author and a secondary source is cited. In some 
cases different sources gave different versions of a “quotation”. The author selected the 
version he believes is more likely to be correct. Some ‘quotes’ are not verbatim quotes but 
paraphrases of sentiments the author believes were held by the ‘quoter’. The author has used 
single quote marks to delineate the paraphrased sentiments and double quote marks to denote 
alleged verbatim remarks. The author accepts full responsibility for any errors or mis- 
interpretations in ‘quoted’ remarks. 



INVENTION - Mankind has been a collection of inveterate inventors since Homo sapiens 
became a distinct species. Some would argue that invention is perhaps the most significant trait that 
distinguishes the genus Homo. Prior to the American Revolution, intellectual property belonged to 
the King or other monarch. Letters patent were occasionally granted to inventors as boons to bring 
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new technology to the public. The U. S. Constitution essentially guaranteed that the individual not 
the state owned intellectual property. Congress passed the first patent laws in 1790. Many other 
countries followed suit in the century that followed. Throughout the 19 th and early 20 th centuries, 
patents were the benchmark of invention in America. An inventor was measured not by the quality 
but by the quantity of patents he held. The Patent and Trademark Office is the Governmental 
agency responsible for granting patents in America. 

“The thing that hath been, it is that which shall be; and that which is done is that which 
shall be done: and there is no new thing under the sun. ” 

- Ecclesiastes I, 9 in The Bible [17] 

“I will ignore all ideas for new works and engines of war, the invention of which has 
reached its limits and for whose improvement I see no further hope. ” 

- Sextus Julius Frontinus, 35-103 A.D., Governor of Britain and chief military 
engineer to the Roman Emperor Vespasian, in Strategemata (90 A.D.) [18], [19] 

“The advancement of the arts from year to year taxes our credulity and seems to presage 
the arrival of that period when further improvements must end. ” 

- Henry L. Ellsworth, U. S. Commissioner of Patents (1844) [18], [20], [21] 

“ Everything that can be invented has been invented. ” 

- Charles H. Duell, U. S. Commissioner of Patents (1899) in a communication to 
President McKinley. [18], [19], [61] 

‘ You [U. S. Patent Office] might as well disband yourselves : everything has been invented. ’ 

- Herbert Hoover, Secretary of Commerce and later President of the United States 
(1922). A paraphrasing of a remark purportedly made by Hoover to the Patent 
Office while Secretary of Commerce. [17] 

The author is hard pressed to conceive of any circumstance (short of wishful thinking out loud or 
a misinterpreted attempt at humor) that could have prompted the last of these remarks (i.e., Hoo- 
ver’s). As we have seen, technology does not advance smoothly. Nevertheless, it does not seem 
reasonable that a slow period could have lasted long enough to have prompted Hoover’s comments. 
This is the still the era of Edison, Tesla, Marconi, deForest, and Armstrong, to name a few. On the 
other hand, in the turbulent period of the first century A.D., given the slowness of long-distance 
communications in the ancient Roman Empire, and given the much slower pace of technology 
advancement that we postulated in an earlier chapter for the pre- 1750 era, it is possible that Frontin- 
us saw an extended period where locally nothing new happened. His statement may represent a 
reasonable practical observation. It may also be a manifestation of his belief that tactics (strat- 
egems) were more important in the warfare of his era than was technology (engines of war). The 
statement from Ecclesiastes is even more understandable in light of the relative level of technology 
development 3000 years ago versus today. Ellsworth’s comment appears to this author to be more 
an expression of wonderment than actual prediction. In contrast, Duell’s remark may well be an 
instance of total distortion of the intent of a remark by its being taken out of context. Purportedly 
at the time this statement was made, Duell was requesting an increase in budget for the Patent 
Office because of a heavy flood of patent applications. He supposedly ‘argued that anyone who 
would deny him additional funding must believe that “everything that can be invented has been 
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invented” ’.[61] Reference [61] is the only source the author has located that suggests the out-of- 
context interpretation; primary source material has not been identified. The author has no reason 
not to believe the allegation, as Duell’s remark is as unbelievable and fantastic as Hoover’s, if it 
indeed has not been taken out of context. 



TELEPHONE - In 1729 the English chemist Stephen Gray first transmitted electricity over 
a brass wire nearly 300 feet long. The current was supplied by an electrostatic generator. In 1844 
Samuel P. Morse gave the first public demonstration of the telegraph on circuits connecting Balti- 
more and Washington DC. On 14 February 1876 Alexander Graham Bell filed his application for 
a patent on the telephone, beating Elisa Gray (who filed his own notice of invention a few hours 
after Bell). On 10 March 1876, Bell successfully transmitted the first telephone message (“Mr. 
Watson, come here. I want you!”). In 1878, the first commercial telephone exchange opened in 
New Haven CT with 2 1 subscribers. The first long distance telephone line was opened between 
Boston MA and Providence RI (45 miles) on 12 January 1881. The first public coin telephone was 
installed in Hartford CT in 1889. The dial telephone was introduced in 1896. In 1900 there were 
855,900 telephones in the Bell System; by 1910, there were 5,883,000. On 17 June 1914 the last 
pole of the transcontinental telephone line was placed; the transcontinental line was officially 
opened on 25 January 1915 when Alexander Graham Bell (situated in New York) repeated his 
famous message (see above) to Thomas Watson (located in San Francisco). The Bell System 
introduced the first machine switching systems into its exchanges in 1919. In 1936 the first multi- 
channel coaxial telephone cable link was opened between New York and Philadelphia. In 1938, the 
first crossbar switching systems were introduced into exchanges. In 1945 an engineer named 
Arthur C. Clarke proposed the use of satellites in geosynchronous orbit for global communications 
li nk s. On 26 September 1955, the first transatlantic telephone cable was completed. Telstar, the 
first international communications satellite was launched on 10 July 1962. The first lightwave 
telephone link was installed in Chicago in 1977. CompuServe went on-line in 1979. In 1983, the 
first cellular telephones became available to the public. 

“Well-informed people know it is impossible to transmit the voice over wires and that were 
it possible to do so, the thing would be of no practical value. ” 

- Editorial in the Boston Post (1865) [19] 

Many “predictions” like the one in this editorial demonstrate a clear lack of imagination. Even 
when confronted with a clearly defined possibility of a technological breakthrough, many people 
cannot think of even the first thing to do with it, let alone all of the possible changes such break- 
throughs will bring. Imagination is as critical an attribute to a technology assessor as is technologi- 
cal knowledge. 

“This ‘telephone ’ has too many shortcomings to be seriously considered as a means of 
communication. The device is inherently of no value to us. ” 

- Internal memo, Western Union (1876) [18] 

Western Union apparently considered itself to be in the telegraph business, i.e., the rapid communi- 
cation of written messages. Had Western Union considered itself to be in the broader business of 
communications of any form, perhaps they might have come to a different conclusion. The short- 
comings that make telephony inadequate for written message communication - imprecision of oral 
communication, the need for both parties to be at specified locations at the same time, etc. - become 
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benefits when interactive communication (verbal intercourse) is desired. History is full of organiza- 
tions that have suffered because they defined their businesses too narrowly. In the latter half of the 
20 th Century, many U. S. railroads suffered setbacks (went bankrupt or were forced to merge) 
because they viewed themselves as being in the railroad business, not the transportation business. 
They lost most of their passenger business to airlines and much of their cargo business to interstate 
trucking. Few had the foresight to diversify into airlines and/or trucking, thereby offering custom- 
ers a balanced mix of services, and as a consequence, keeping the railroads operating as a key 
element of an integrated transportation business. 

“England has plenty of small boys to run messages. ” 

- Sir William Preece, Fellow of the Royal Society and Chief Engineer of the 
British Post Office (circa 1876). Statement with which Preece dismissed Bell’s 
telephone after a demonstration of its capabilities. [23] 

This is another illustration of a lack of imagination. However, it should be noted that England is a 
tiny country and even in 1876, mail posted in the afternoon was regularly delivered the next 
morning to anywhere in the entire country. Furthermore, most communications occurred within 
one’s own borough or village. The distances could easily be covered by a small boy in minutes, and 
at most hours of the day, one could be easily found within hailing distance who was willing to 
deliver any message in exchange for a small coin. 

“What use could this company make of an electrical toy? ” 

- William Orton, President of Western Union, responding to an offer from 
Alexander Graham Bell to sell his telephone company to Western Union for 
$100,000 (Fall 1876) [19] 

It is interesting to note that within a year, Western Union decided that it had made a mistake in 
rejecting Bell’s offer and hired Thomas Edison to develop an alternative telephone system to 
compete against the newly formed Bell Telephone Company. [24] Edison’s system was later found 
to infringe on Bell’s basic patent. 

“That’s an amazing invention [the telephone] but who would ever want to use one of 
them?” 

- Rutherford B. Hayes, United States President (1876), when shown the device a 
few days after its first successful test. [18] 

Hayes also apparently lacked the imagination and vision to see what might be, or did not have the 
time to think about the matter before opening his mouth. History does not rate Hayes as one of the 
great Presidents. This quote supports that judgement. 



RADIO - In 1864 James Clerk Maxwell formulated Maxwell’s Equations, the fundamental 
relations of electricity and magnetism. In 1887 Heinrich Hertz demonstrated that electricity could 
travel through space in the fonn of electromagnetic waves using spark gap transmitters and receiv- 
ers. By 1896, Marconi had transmitted radio signals (in Morse code) a distance of 9 miles across 
the Salisbury Plain in England. Joseph John Thompson discovered the existence of the electron in 
1897. In 1899 Marconi installed wireless equipment on three British battleships. In 1900 Reginald 
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Fessenden in Canada had transmitted the human voice over a distance of about one mile. In 1901 
Marconi received the letter “S” by Morse code in St. Johns Newfoundland, the first transatlantic 
radio transmission. John A. Fleming was operated Marconi’s transmitter in England. In 1904 
Fleming invented the first vacuum tube, a diode called the “Fleming Valve.” In 1906 Lee de Forest 
added a grid to a Fleming Valve and created the triode (de Forest called it the Audion tube). 
Amplification of radio signals was possible for the first time. De Forest began regular music 
broadcasts by radio in 1907. In 1912 Edwin Armstrong invented the principle of regenerative 
amplification and in 1 9 1 3 , Armstrong demonstrated that with sufficient feedback, de F orest ’ s triode 
amplifier could be turned into an oscillator. In 1920 Armstrong announced development of the first 
superheterodyne receiver circuit. In 1920 KDKA in Pittsburgh became the first commercial 
broadcast station. By the end of 1924, there are over 1400 stations broadcasting in the United 
States alone. In 1934 Annstrong made his fourth major contribution to radio when he describes the 
theory of frequency modulation (FM). 

"Radio has no future. ” 

- Lord Kelvin [William Thomson], Chair of Natural Philosophy at University of 

Glasgow (1897). [18] 

Thomson played a large role in the laying of the first transatlantic cable in 1858. He postulated the 
concept of absolute zero temperature and defined the Second Law of Thermodynamics (work can 
be done when heat flows from hot objects to cold objects - the efficiency improves as the 
temperature difference increases). He was a giant among physicists. One might comment that his 
background gave him no preparation to talk about radio. This is not entirely true. In 1900, physi- 
cists were expected to know virtually all of physics. It should be noted that Thomson was the Chair 
of Natural Philosophy, which implies an ability to “profess” about almost all of the hard sciences. 
He would have been expected to be as knowledgeable about electricity and magnetism as he 
obviously was about thermodynamics. The author knows of no mitigating circumstances to explain 
the short-sightedness of this prediction. 

"... you could put in this room, de Forest, all the radiotelephone apparatus that the 
country will ever need! ” 

- W. W. Dean, [to Lee de Forest], President of Dean Telephone Co. (1907) [21], [25] 

One expects that Dean was speaking from the perspective of a telephone businessman. As far as the 
business of telephone service goes, wireless telephony has not entirely replaced wired telephony 
even today (although this may not remain true much longer). The first microwave telephone li nk s 
did not replace some copper-wire long-distance circuits until after World War II. From the narrow 
perspective of the telephone business, Dean was probably justified in making his remarks. How- 
ever, Dean did not consider the other uses to which radio could be put. From the perspective of 
being in the communications business (rather than just the telephone business), Dean’s remarks are 
rather shortsighted. 

"As far as I can judge, I do not look upon any system of wireless telegraphy as a serious 
competitor with our cables. Some years ago I said the same thing and nothing has since 
occurred to alter my views. ” 

- Sir John Wolfe -Barry at a stockholders meeting of the Western Telegraph Co. 

(1907). Barry was a civil engineer who designed the Tower Bridge in London and 
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authored several books on “railway appliances”, a subject that includes railway 
signaling and telegraphy systems. [21], [26] 



Barry’s proclamation is little different from Dean’s. The same comments are applicable. 

“The wireless music box has no imaginable commercial value. Who would pay for a 
message sent to nobody in particular? ” 

- Associates of David Sarnoff [in response to Samoff s requests for investment in 
radio], Chairman of the Radio Corporation of America [RCA] (1920’s) The author 
suspects that this ‘quote’ may actually date from the late 1 9 1 0’s. Samoff first 
professed his vision of broadcast radio in 1916 and the first commercial broadcast 
station opened in 1920. [18] 

The preceding three comments illustrate one way in which economic limits (see the chapter on 
technology assessment methodology) can adversely affect the growth of a technology. Had de 
Forest or Sarnoff given up after such refusals from potential investors (today we use the tenn 
“venture capitalists” to describe most of these potential investors), then broadcast radio and subse- 
quently television might have stagnated for many years. The author suspects that most inventions 
never find practical application because their inventors give up on them after a series of rejections 
by venture capitalists. It is more pleasurable to move on to inventing a new (and hopefully more 
successful) invention than it is to repeatedly beg for money without success. 

“The radio craze will die out in time. ” 

- Thomas Edison (1922). [61] 

Although this sounds like the offhand deprecations of radio we have seen above, it is in fact a true 
observation (even if not intended as such). The radio craze died out and was replaced by the 
television craze. Growth of any technology has a “craze” period where its capabilities exponent- 
iate. Later in the technology life cycle, the craze dies out and the technology matures. The author 
does not know the context of Edison’s remark, but he suspects it was made in a business context (a 
context where Edison was known to be ruthless). However, the craze did not die out for at least two 
more decades and this is probably much longer than Edison had in mind. 



TELEVISION - The earliest beginnings of television can be traced to experiments in the 
1820’s in which attempts were made to scan images one small area at a time and transmit the 
intensity of each area as an electrical pulse on a wire. This technique of Wirephoto (a forerunner 
of fax) was perfected in 1882. In 1 878 William Crookes, an English chemist, invented the cathode 
ray tube. In 1884, Paul Nipkow invented a scanning-disk electromechanical version of television 
in Germany. In 1897 a German named Braun improved the Crookes’ tube by added a fluorescent 
screen. In 1 923 Vladimir Zworykin proposed an all-electronic television concept while working for 
Westinghouse, but no patents are granted and Westinghouse abandoned the project. In 1926 in 
England, John Logie Baird demonstrated an electromechanical television system and opened two 
experimental television stations. In 1927 he transmitted a television transmission over “cable” 
between London and Glasgow and in 1928 he succeeded in transmitting a television image from 
London to a receiver in New York. Baird also developed a video disk for recording television 
signals. In 1927 Philo Farnsworth applied for a patent to cover a complete electronic television 
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system. This patent included a description of the image dissector tube, the first true television 
image tube. Within a few years Farnsworth’s electronic system (and variants developed by others) 
had completely replaced electromechanical approaches. In 1928, the first experimental TV station, 
WGY in Schenectady NY, began scheduled broadcasting. In 1929 the magnetic tape recorder was 
invented in Germany. In 1935, the first electronic television sets at VHF frequencies began produc- 
tion. The Berlin Olympics were television via closed circuit. In 1938 Baird demonstrated color 
television. Television was demonstrated to the general public at the 1939 World’s fair and both 
CBS and NBC began television broadcasting in 1941 but WWII forced an interruption. Public 
demand for television soared in 1948 and the FCC was forced to freeze granting of licenses for new 
stations. The vidicon, the modem television camera tube, was invented in 1950. The first color 
network broadcasts begin in 1954. Sony introduced the U-Matic video cassette recorder (VCR) in 
1972 and Betamax in 1975. The latter form of VCR ultimately lost a market battle with VHS 
recording. 

“While theoretically and technically television may be feasible, commercially and 
financially I consider it an impossibility, a development of which we need waste little 

time dreaming. ” 

- Lee de Forest, Inventor of the Audion Tube [triode amplifier] which made 
commercial radio possible (1926) [18] 

Note that de Forest is dismissing television for business reasons (business was not his strength), 
rather than technical ones (technology was a strength). In 1926, the only working television 
systems were electromechanical in nature and produced tiny, coarse resolution images that few 
would pay to see on a regular basis. Furthermore, in 1926, broadcast radio was still somewhat of 
a novelty (remember that the first commercial station only started broadcasting in 1920), despite its 
obvious commercial success. However, it had not yet become the staple of everyday life that it 
would become in the 1930’s. Although “impossibility” is a word one should always use with 
utmost care, this would not be an entirely unreasonable prediction (from a business perspective) for 
the mid-1920’s time frame, prior to Farnsworth’s demonstration of electronic television. 

There are also two alternative and less flattering explanations for de Forest’ deprecation of 
television. One might be called “sour grapes syndrome”. De Forest’s pursuit of a radio empire was 
thwarted at almost every turn by infringements on his patents and cutthroat competition. He may 
have harbored a deep-seated resentment and possibly even subconscious belief that because he was 
prevented from successfully implementing his dream, then no one else has the right to be successful 
in pursuing their dream. Such beliefs often find voice in disguised form on public occasions. A 
second alternative is related to self-worth and ego and is sometimes called the “not invented here 
(NIH) syndrome”. Anyone with vision would almost certainly “see” that television would super- 
cede radio in many of its markets. From a self-worth perspective, it is a truly rare and magnani- 
mous person that gladly sees (and praises) his life’s work being surpassed and made obsolescent. 
As an inventor of radio, how could de Forest have openly admitted that his creation was “inade- 
quate” and soon to be replaced by something far better (especially when he had nothing to do with 
the new invention)? From an ego perspective, if he himself were not pursuing the technology, then 
how could it be of any significance? It is not clear to what extent if any, sour grapes or NIH played 
a role in de Forest’s remarks, but they might have been an influence. 

“Television won ’t matter in your lifetime or mine. ” 
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- Rex S. Lambert, Canadian Radio Broadcaster, in an editorial in The Listener 
(1936) [17], [18] 



This comment has an air of either sour grapes or NIH or both. Many radio personalities were 
unable to make the transition to television, just like many silent film stars were left behind when 
talking pictures were invented. They just did not have what was needed to be successful in the new 
medium. Lambert may or may not have been one of those (the author has no other infonnation on 
this individual). Nevertheless, the same cannot be said about the following: 

“The average American family hasn ’t time for television. ” 

- The New York Times (1939). [61] 

Any study of the living habits of Americans in 1939 would have found no “unallocated time” that 
could be used for television viewing, since there wasn’t any television to be viewed. However, who 
in their right mind would believe that the way people allocate their leisure time is unable to be 
changed when offered something perceived to be better than present activities. 

“ [Television] won ’t be able to hold on to any market it captures after the first 6 mon ths. 
People will soon get tired of staring at a plywood box every night. ’’ 

- Darryl F. Zanuck, Head of 20 th Century Fox (1946) [20] 

“Television won ’t last. It’s a flash in the pan. ” 

- Mary Somerville, pioneer of educational radio broadcasts (1948) [61] 

The author suspects that both of these two statements are more wishful thinking coupled with 
“Ostrich syndrome” (hide your head in the sand until the threat goes away) than true intended 
prophecies. Sour grapes and NIH are probably not significant factors in Zanuck’s remark, as Fox 
ultimately entered the television business in a big way. 



COMPUTERS - The first “computer” was the abacus, invented in Asia Minor about 5000 
years ago. In 1614 John Napier published his treatise on logarithms and transformed multiplication 
and division into mere addition and subtraction problems. In 1642, Blaise Pascal (in France) 
invented a numerical wheel calculator, called a Pascaline, that was capable of adding sums up to 
eight figures long. The first slide rule based on Napier’s logarithms appeared in 1650. It did not 
catch on until 1850 when a French artillery officer Amedee Mannheim added a movable double- 
sided cursor, giving the slide rule its modem appearance. In 1694, Gottfried Wilhelm von Leibniz 
(in Germany) created a mechanical multiplier. In 1 820, Charles de Colmar (in France) invented the 
arithometer, a mechanical device that could add, subtract, multiply, and divide. 

In 1 822, Charles Babbage (in England) began work on what would evolve into the “Analyt- 
ical Engine”. A decade later, Babbage acquired an assistant in the person of Augusta Ada King, 
Countess of Lovelace. The steam-powered analytical engine, although never built, defined the 
basic elements of a modern general purpose computer: input devices based on perforated cards 
that contained instructions, a “store” or memory of 1000 50-digit numbers, a “mill” or arithmetic 
processor to perform computations in any sequence defined by a control unit or instruction 
sequencer, and output devices to print out the answers. The Countess of Lovelace is credited with 



51 




defining the instruction routines for the machine, making her the first computer programmer. The 
computer language “Ada” developed by the Department of Defense in the 1980’s was named in her 
honor. George Boole published his work on binary mathematics (the math used in all modern 
computers) in 1854. The first serious mechanical calculators appeared around 1853. George & 
Edvard Scheutz built a small version of Babbage’s analytical engine that could process 15-digit 
numbers and calculate fourth-order differences. Mechanical calculators remained as standard tools 
until well into the 1960's. The author remembers being required to use one in college in the mid- 
1960’s even though the school had two computers available by that time. In 1889, Hennan Holler- 
ith (in America) adapted punched card data storage (an idea borrowed from the Jacquard loom) with 
a mechanical sorter to form a tabulating machine for census takers. He fonned the Tabulating 
Machine Company that ultimately became International Business Machines (IBM) in 1924. 

In 1941, J. V. Atanasoff at Iowa State built a non-programmable electronic calculator that 
could solve differential equations. In 1944 a Harvard-IBM collaboration (led by Howard Aiken) 
developed an electromechanical computer, the Mark I, that employed relays for logic and storage 
functions and was useful for calculating ballistic solutions for naval guns. This was followed short- 
ly by the first multipurpose all-electronic computer, the ENIAC in 1946, assembled at the Univer- 
sity of Pennsylvania by J. Eckert and J. Mauchly. This device employed 17,468 vacuum tubes, 
weighed 60,000 pounds, occupied 16,200 cubic feet, consumed 174 kilowatts of electrical power, 
and could perform an astonishing 5000 additions per second. However, it took the invention of the 
transistor in 1947 and 1948 by W. Shockley, W. Brattain, and J. Bardeen at Bell Laboratories and 
the invention of magnetic core memory by Jay Forrester at M.I.T. to enable computers to become 
truly practical. The first transistorized computers appeared in 1956. FORTRAN, the first high- 
level programming language was developed in 1954. 

Between 1958 and 1961 Jack Kilby at Texas Instruments and William Noyce at Fairchild 
Semiconductor perfected the concept of the integrated circuit. In 1 964, Rand Corporation publishes 
its proposal for a computer network that will ultimately become the Internet. In 1965 the first true 
minicomputer, the PDP-8 is introduced by Ken Olsen and Digital Equipment Corp. and the first 
completely integrated circuit full-sized computer, the IBM 360, became available. Texas Instru- 
ments developed the first hand-held calculator in 1967. Hewlett introduced the first scientific 
pocket calculator, the HP-35, in 1972. Slide rules became obsolete almost overnight. The author 
remembers how those scientists and engineers who were fortunate enough to be able to afford one 
of these relatively expensive devices (I believe they retailed for $395 at the time) would gloat over 
the less fortunate who were forced to use their slide rules or access the mainframe computer to do 
calculations. In 1970 Gilbert Hyatt patented the “single chip integrated circuit computer architec- 
ture”, i.e., the microprocessor. In 1975, the MITS Altair kit became the first true personal computer 
to reach the market. In 1977 Apple Computer introduced the Apple II and in 198 1 IBM introduced 
the first PC. Life has never been the same since. 

Predictions about the future of computers are no less interesting than predictions about other 
technologies. Consider this example. 

“Worthless. ” 

- Sir George Biddell Airy, British Astronomer Royal, responding to a query from the 
Chancellor of the Exchequer concerning Parliament’s potential funding of the 
development of the “analytical engine” invented by Charles Babbage. Airy was 
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asked what the value of such a device might be and sent back this one-word 
response. (15 September 1842). [20], [27] 

Airy (1801-1892) was a renowned scientist. He discovered how to correct astigmatism in human 
vision and he modernized the Greenwich Observatory, among many other significant accomplish- 
ments. His studies of interference and diffraction led to the naming of the Airy function (the 
diffraction pattern produced by a circular aperture) after him. He proposed numerous innovative 
theories and experiments. It is difficult to ascribe a lack of imagination to Airy. It is possible that 
because he was busy with his own projects that he did not take the effort to truly understand what 
Babbage was proposing. This author believes that such an engine would have been a godsend to an 
organization such as the Greenwich Observatory. It is hard to believe that Airy would have dis- 
missed it so quickly. 

On the other hand, Airy was noted for his great opposition to government support of 
science, believing that such support was the province of private individuals and institutions. This 
may have caused him to give a less than objective answer to the Chancellor. Had he given a whole- 
hearted endorsement of the device, Parliament would likely have funded its development, even if 
Airy had said in the same breath that government should not support such activities. On the other 
hand, a negative endorsement almost guaranteed that Parliament would not provide funding. Does 
scientific honesty always override political beliefs? Would that this were true. In this instance, we 
shall probably never know the real reasons. 

“This extraordinary monument of theoretical genius accordingly remains, and doubtless 

will forever remain, a theoretical possibility. ’’ 

- Biographer of Charles Babbage, speaking about the analytical engine (1871) [61] 

Although “forever” is another word to be avoided like the plague in predictions, there was consider- 
able truth in this statement. The ability to make a working model was (many decades) beyond the 
technology of the day. Although the mechanical ability to fabricate such machines became practi- 
cally available in the 20 th Century, the need had been outstripped by electronic technical develop- 
ments. There was of course no way for Babbage’s biographer to even make an educated guess at 
any of this. It took three-quarters of a century to arrive at a working “analytical engine”. This is 5 
technology half-lives and more than a human life span. Some might argue that this is a reasonable 
approximation to “forever”. 

“I think there is a world market for maybe five computers. ’’ 

- Thomas J. Watson, Chairman of IBM (1943) [18] 

This quote is especially deserving of being placed in context. In 1943 “computers” were large 
mechanical calculators specialized to such an extent that they had only two publicly known uses: 
tallying census returns and compiling ballistic range tables for artillery. There was little interest in 
improving the existing capability in those applications. The growing use of computers in cryptology 
(e.g., ULTRA - breaking the Gennan codes enciphered with the Enigma device) was still classified 
at the highest levels of security (and Watson was not privy to the information). Watson was 
perfectly correct when describing the market in 1943 for computers as they publicly existed in 
1943. Only the largest governments or militaries would want even one of them. He was clearly 
open to innovation, as IBM became a leader in the field within a few years of the development of 
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totally electronic computers in the late 1940’s. The electronic computer was considerably more 
flexible and more widely useful. Had they been in serious use in 1943, rather than just after the 
war, Watson would probably have made a somewhat more expansive statement. However, it does 
appear that Watson lacked the vision to understand exactly what computers could become. 

“Where a calculator like the Eniac is equipped with 18,000 vacuum tubes and weighs 30 
tons, computers in the future may have only 1000 tubes and perhaps only weigh one and a 
half tons. ” 

- Popular Mechanics (March 1949) [18], [27] 

When computers filled entire buildings, this prediction represented a great leap into the future. 
However, how these numbers and not some other numbers were determined, that is, why the 
projection stopped here, puzzles the author. It is unlikely that the editors of Popular Mechanics 
believed there was some magic that precluded making computers even lighter and smaller. If one 
and a half tons is spectacular, what would 100 pounds be? Furthermore, the quote reveals a funda- 
mental lack of understanding of how computers worked. Since the vacuum tubes implement logic 
circuits, fewer tubes equates to less capability. A vacuum tube-based computer with only one 
thousand tubes would have considerably less capability than one with 18,000 tubes. True advances 
would have employed more vacuum tubes, although those tubes might be considerably smaller in 
size than those in ENIAC. Beware predictions made by popular science writers! Many lack the 
depth of training and few can afford to spend the time necessary to truly understand a new technol- 
ogy. Their predictions are often based on inaccurate and unsupported assumptions. 

“It would appear that we have reached the limits of what is possible to achieve with 
computer technology, although one should be careful with such statements, as they tend 
to sound pretty silly in 5 years. ’’ 

- John von Neumann, Pioneer computer scientist (ca. 1949) [18] 

However, he still said it, for reasons the author cannot fathom. And it did sound silly in 5 years. 
It did take the invention of ferrite core memory and transistorized logic for any substantial progress 
to be made, but these breakthroughs were being made as von Neumann made the prediction and he 
was almost certainly aware of the relevant research. As a point of interest, von Neumann was a 
giant in the fields of mathematics and physics. He wrote an early textbook on quantum mechanics 
and was a key player in the development of axiomatic set theory and of game theory. He also 
worked on the atomic and hydrogen bomb projects. The standard computer architecture for general 
purpose computers (a central processing unit with a local register memory coupled to a large 
random access memory) is called the von Neumann architecture. Among his accomplishments was 
the recognition that single instruction-single data computers based on the von Neumann architecture 
would ultimately suffer perfonnance limitation caused by their need to read and write data into or 
out of memory one word at a time. This is called the von Neumann bottleneck. Array processors 
and pipeline processors are some the relatively new architectures being used in modem supercom- 
puters to bypass the von Neumann bottleneck. 

“But what ... is it [the microchip] good for? ” 

- Robert Lloyd, an engineer at IBM Advanced Computing Systems Division, 
reacting to colleagues who insisted that the microprocessor was the wave of the 
future (1968) [18], [20] 
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People, especially computer people, tended to fixate on computers as large boxes requiring lots of 
power and people providing input. They did not consider that computers are merely electronic 
machines that compute (perform mathematics). Even a simple one-bit adder is a computer. If you 
think of applications that require very simple math, done quickly, then the use of microchips 
becomes apparent. In Lloyd’s defense, in 1968 the only product that made use of this technology 
was the rather uninteresting (at least to most scientists and engineers) four- function pocket calcula- 
tor that Texas Instruments had just developed. It was probably the release of multi-function 
scientific calculators (e.g., the Hewlett-Packard HP-35) in the early 1970's that brought the micro- 
chip to the attention of the scientific and engineering community at large. 

“There is no reason for any individual to have a computer in their home. ’’ 

- Kenneth Olsen, Founder and President of DEC, speaking at the Convention of 
the World Future Society (1977) [18], [20] 

A clear failure of imagination from someone who should have known better. DEC essentially 
invented the minicomputer to make computing more accessible. Why accessibility should not have 
extended into the home is puzzling. 

“640kB [of memory] ought to be enough for anybody. ” 

- Bill Gates, Founder and CEO of Microsoft (1981) [18] 

For those readers too young to remember those days, 640kB was the intrinsic maximum memory 
which could be accessed by a computer using Microsoft DOS. This limit was a bane to all IBM 
personal computer users until Windows replaced DOS as the standard PC operating system in the 
early 1990’s. Exceeding the 640kB limit required special memory fixes that also tended to cause 
frequent computer crashes. At the time that this prediction was made, the largest personal comput- 
ers had at most 16kB of memory, and most people functioned contentedly with only 4kB and many 
still had only lkB. Giving any personal computer 640kB of memory seemed to be total overkill. 
Obviously, Gates did not take Moore’s Law into account. Moore’s Law (formulated in 1963 and 
undoubtedly known to Gates) predicted a doubling of computer memory density on microchips 
every 18 months, and is still valid today. Had he applied Moore’s Law, Gates could have predicted 
memory sizes to reach 640kB within 8 years (and they did), even if he could not foresee a use for 
it. Nevertheless, Gates had to pick a number to use, and in all probability, any number he picked 
would have ultimately become too small. From a business perspective, he picked a number large 
enough to pennit DOS to be used for more than a decade and become the industry standard, before 
the limitations became so severe they forced a replacement. 



NUCLEAR POWER - Radioactivity was discovered by Henri Becquerel on 1 March 1 896 
when he found that uranium emitted rays that could expose photographic film. By December 1 898 
Pierre and Marie Curie had discovered two new radioactive elements - polonium-2 10 and radium- 
226. Ernest Rutherford discovered alpha and beta radiations in 1899. By 1903 Rutherford and 
Soddy had identified radioactivity as the disintegration of atoms. Rutherford continued his pre- 
eminence in this field of science by discovering the atomic nucleus in May 1911. Rutherford 
subsequently followed this in 1919 by demonstrating the transmutation of one element to another 
during alpha particle bombardment. The existence of the neutron was not known until February 
1932. Perhaps the key event in the development of nuclear power was the invention by Leo Szilard 
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of the neutron chain reaction for releasing nuclear energy in September 1934. One month later 
Enrico Fermi discovered the principle of neutron moderation (slowing down) and the fact that slow 
neutrons exhibit enhanced capture by nuclei over fast neutrons. 

In September 1939, Otto Hahn and Fritz Strassman in Gennany discovered and recognized 
uranium fission (Fermi actually observed fission in his experiments but did not recognize it as such 
- remember the quote on chance favoring the prepared mind - Fermi was not yet prepared to 
interpret his results as fission). However, there is occasionally justice in science. On 2 December 
1942, Enrico Fermi produced the first self-sustaining nuclear chain reaction under the west stands 
of Stagg Field at the University of Chicago. Using plutonium produced in this and subsequent 
“atomic piles”, on 16 July 1945, the Eos Alamos scientists (Fermi included) under the direction of 
J. Robert Oppenheimer exploded an atomic bomb at Trinity Site, near Alamogordo in New Mexico. 
In 1951 the first Tokamak (a device for studying controlled thermonuclear fusion) was developed 
at the Kurchatov Institute in Moscow. The first thermonuclear bomb (using fusion of deuterium 
rather than fission of uranium or plutonium) was tested at Enewetak Atoll on 1 November 1952. 
The nuclear-powered submarine Nautilus was launched on 21 January 1954. The nuclear power 
station at Shippingport PA went on-line on 26 May 1958 providing the first nuclear energy released 
for commercial purposes. In March 1989 Stanley Pons and Martin Fleischmann announced the 
discovery of anomalous heat generation in thennochemical experiments with deuterium. Immedi- 
ately dubbed “cold fusion” the mainstream scientific community denounced it as a mistake or 
possibly even a hoax. However, the phenomenon appears to be real, but it is still unexplained. To 
date, net energy production in controlled fusion using magnetic confinement or laser implosion 
remains just beyond the reach of experimentalists. As this is written in 2001, their predictions are 
for success in the next generation of machines (currently under construction). 

“The energy we need for our vety existence, and with which Nature supplies us still so 
grudgingly, is in reality locked up in inconceivable quantities all about us. We cannot pick 
that lock at present, but — we will. ” 

- H. G. Wells, The World Set Free (1914). 

In this amazingly prescient book, Wells not only foretells the development of atomic energy and 
atomic bombs (although his description of their operation is pure fiction - fission is still a quarter 
century in the future), he also predicts the occurrence of a great world war that results in a period 
of relative peace. This book also contains the often repeated quotes: 

“ these atomic bombs which science burst upon the world that night were strange even to the 
men who used them. ” 
and 

“... roared the unquenchable crimson conflagrations of the atomic bombs”. 

Wells’ quotes are important because not every prediction is wrong simply because it is a pre- 
diction. A few people are remarkably prescient. Wells’ atomic bombs used an enhanced form of 
radioactivity that exceeded everything discovered to that time (and to the present as well). Well’s 
prediction ultimately failed in the technical details. Nevertheless, this widely read story may well 
have colored some of the views of the following erroneous predictors. Predictions that are correct 
in general, but incorrect in the details, may serve to stimulate or guide the work of others. Equally, 
they also provide fodder for individuals desiring to find fault with such predictions. 
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“ There is no likelihood man can ever tap the power of the atom. The glib supposition of 
utilizing atomic energy when our coal has run out is a completely unscientific Utopian 
dream, a childish bug-a-boo. Nature has introduced a few fool-proof devices into the 
majority of elements that constitute the bulk of the world, and they have no energy to give 
up in the process of disintegration. ” 

- Robert Millikan, Nobel Prize-winning Physicist in a speech to the Chemists’ 

Club of New York (variously attributed as 1923 and 1928). Millikan measured 

the charge of the electron using a now-classic “oil-drop” balancing technique. 

[19], [28] 

“The energy produced by the breaking down of the atom is a very poor kind of thing. 
Anyone who expects a source of power from the transformation of these atoms is talking 
moonshine. ” 

- Ernest Lord Rutherford, Discoverer of the atomic nucleus (1930) [18] 

“There is not the slightest indication that nuclear energy will be obtainable. It would mean 
that the atom would have to be shattered at will. ” 

- Albert Einstein (1932) [18], [19] 

To give Millikan, Rutherford, and Einstein some credit, it would take the discovery of the neutron, 
invention of the chain reaction, and discovery of fission to make nuclear power (as we know it) a 
theoretical possibility. Nevertheless, all three scientists did know that radioactive decay releases 
energy that is quickly converted to heat and that heat energy can be converted to electricity by 
thennocouples. They should have at the very least been able to anticipate the possibility of radio- 
isotope thennal generators, which required no major new discovery. However, to take a different 
point of view, Millikan seems to have used “weasel words” in his denunciation. He claimed the 
“majority of elements that constitute the bulk of the world” have no energy to give up. This 
recognizes that some elements do indeed have energy to give up. He claims an absolute, “no 
likelihood man can ever tap the power of the atom”, but supports it with a statement of clearly 
limited validity. This is a common fallacy in logic. It is also used as a way to let someone off the 
hook when a dramatic prediction goes awry in the future. They can simply claim that their predic- 
tion was based on a limiting assumption, and it is the assumption that has been invalidated, not the 
prediction. In Millikan’s case, one has to look for elements that are relatively rare (e.g., uranium) 
to find elements that are practical for production of nuclear energy. If one restricts himself to the 
“majority of elements that constitute the bulk of the world”, then atomic power via fission is not 
practical. 

“ Atomic energy might be as good as our present day explosives, but it is unlikely to produce 
anything much more dangerous. ” 

- Winston Churchill (1939) 

The author can think of nothing to mitigate or apologize for this quote. As soon as fission was 
discovered, virtually all of the scientific community was aware that a new energy source of almost 
unlimited potential was possibly at hand. It occurred before any atomic bomb programs had been 
begun and before scientists in the West had unilaterally imposed their own brand of secrecy on 
nuclear developments. Thus, it also seems unlikely to have been intentional disinformation. 
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“ That is the biggest fool thing we have ever done ... the [atomic] bomb will never go off 
and I speak as an expert in explosives. ” 

- Admiral William Leahy [to President Truman], Chief of Staff to President 

Roosevelt and to President Truman (1945) [21], [29] 

This appears to be a classic example of the closed minds that some senior officers in the military 
exhibit toward technological innovation. Similar closed-mindedness in those military officers 
occupying requirements-setting staff positions results in overly conservative system requirements 
for new acquisitions. This can preclude the development or insertion of innovative technology. 
Increased technical content in the educational opportunities afforded to the officer corps is one 
solution to this problem. However, on second look at the circumstances surrounding the quote, it 
is also possible that this was military politics in action. Leahy was a strong advocate of employing 
a naval blockade to force Japan’s surrender. He did not want the Anny Air Corps’ strategic 
bombing campaign to get credit for ending the war. He may have been using hyperbole to get his 
point of view accepted (which, as is obvious from history, it was not). 

“There is little doubt that the most significant event affecting energy is the advent of 
nuclear power ... a few decades hence, energy may be free -just like the unmetered air... ” 

- John von Neumann, Scientist and Member of the Atomic Energy Commission 

(1955) [19] 

Von Neumann failed to appreciate the emergence and fanaticism of the environmental movement, 
the growing threat of atmospheric radioactivity from nuclear testing, and the complacency of the 
nuclear industry with respect to safety. Of these only the threat of radioactivity might have been ex- 
pected by any reasonable person at that time. The previously unknown societal force of 
environmentalism derailed the American nuclear power industry within two decades, and with it 
any possibility of “free power”. Societal limits to development can occasionally be as insurmount- 
able as the laws of physics. Nevertheless, both are common obstacles to successful prophecy. 

‘Magnetic Confinement Fusion will open the door to unlimited power within a decade. ’ 

- Personnel from Project SHERWOOD (ca. 1960) [30] 

Single quotation marks are used in this work to denote those statements that are not actual 
quotes but represent the message that was presented by the community cited. Although the 
preceding ‘quote’ about magnetic confinement fusion is not a verbatim quote, it accurately reflects 
the sentiments voiced by the participants and related to the author. This author believes that the 
phrase “open the door to unlimited power” in the above quote really means that “all technological 
hurdles to magnetic confinement fusion have been overcome, net power generation has been 
demonstrated, and only the simple engineering and construction (E&C) of power plants remains”. 
It is clear that the fabrication of hundreds of power plants could not have been accomplished in a 
single decade. There is a distinct possibility that the ‘quote’ portrays more of the “party line” 
needed to ensure continued funding, and less of the fundamental beliefs of the participants. How- 
ever, the author is convinced that at least some of the participants actually believed in the state- 
ment’s validity. The same is true about the following two ‘quotes’ as well. 

It is of particular interest to note that some magnetic confinement fusion advocates were 
making the same ‘quote’ in the 1970 time frame and still other advocates were making the same 
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‘quote’ in the 1980 time frame. Each new generation of magnetic confinement experiment was 
bigger and considerably more expensive than the previous generation. Each new generation not 
only solved a problem related to some fonn of plasma instability discovered in the earlier genera- 
tion, but invariably also uncovered a brand new and unpredicted form of plasma instability that 
prevented attainment of the goal of energy breakeven. Breakeven is the state where as much fusion 
energy is produced by the plasma as electrical energy is consumed in creating it). Had the size and 
cost of the research devices needed to continue development of the technology not grown to 
marginally unaffordable levels (with consequent cancellation of many research projects and a 
slowdown in rate of development), advocates of the technology might have been making the same 
‘quote’ today. The inability to pursue expensive experimental programs led the community to 
devote more effort to comprehensive computer modeling of the fusion plasmas. The current belief 
is that the next generation of machine will produce energy breakeven, if that machine is ever built. 
It should be noted that the author was a participant in Lawrence Livermore Laboratory’s Laser 
Lusion Program during the early 1970’s. During this period he was able to talk to many of the 
participants of Project SHERWOOD (remnants of which were still being pursued at Livermore). 
The ‘quote’ above is the result of those discussions. The following ‘quote’ is a result of his direct 
observations. 

'Laser Fusion will demonstrate net energy production within a decade. ’ 

- Personnel from the Livennore’s Laser Lusion Program (1971). [30] 

More than a few of the laser fusion advocates truly believed that “energy breakeven” would be 
obtained by the next larger laser system to be built, and if not then, certainly by the system after 
that. Many others were obligated to stick to the official “party line” and repeated the claims. This 
was the time of an “energy crisis” in the United States and funding depended on being able to claim 
to be a relatively near-term solution to the problem. Big dollars did not flow to long-range research. 
Unfortunately, the laser fusion workers also uncovered phenomena that required bigger and better 
lasers before breakeven could be achieved. The advocates had learned from Project SHERWOOD 
and recognized that a long period of engineering design and development must separate successful 
proof-of-principle experiments and commercial power generation, thus the somewhat more modest 
prediction. However, in all fairness, the author’s ruminations on the subject in the intervening years 
may have colored the relative wording of the two ‘quotes’ . Although its stated purpose is no longer 
the generation of fusion power (it is now acknowledged to be for nuclear weapons research in an 
era of a Comprehensive Test Ban Treaty), the current “next larger laser system” to be built - the 
National Ignition Lacility (expected to be completed halfway through the decade of the 2000’s) - 
may actually reach the breakeven goal, a little over two decades “late”. 

‘Ultimately all naval propulsion will be nuclear. ’ 

- Proponents of the U. S. Nuclear Navy (1960’s) [30] 

If one considers only submarines and aircraft carriers in the U. S. Navy, this prediction has come 
true. Cost has been the dominant deterrent to an all-nuclear Navy. Except in cases where the 
performance advantages of nuclear power are absolutely essential (they are for submarines and, 
arguably, also for aircraft carriers), the much lower cost of conventional propulsion has proven to 
be an overriding consideration. Lurther ammunition for the truth of the Navy’s sentiment comes 
from the following. 
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"It can be taken for granted that before 1980 ships, aircraft, locomotives, and even automo- 
biles will be atomically fueled. ” 

- David Sarnoff, Chairman of RCA (1955) [18] 

This prediction did not come true for want of trying. Unfortunately, the radiation shielding needed 
to protect the crew and the public proved to be too heavy for automobiles and most airplanes, a 
limitation we still do not know how to overcome and one that should have been known by atomic 
energy practitioners in 1955. Had Sarnoff been a nuclear engineer, or had he been thoroughly 
briefed by one, he might have made a somewhat less sweeping prediction. Nevertheless, the 1950’s 
and early 1960’s saw many designs and experiments for nuclear-powered rockets, aircraft, and 
possibly even locomotives (the author does not know of any such project, but can’t rule it out). 
Shielding was one reason for ultimate failure; environmental damage was often another major 
contributor to failure. 



AVIATION & AIRPOWER - In the first half of the 1 9 th Century Sir George Cayley built and 

flew a number of model gliders. His researches established the basic configuration of a modern 
airplane (fixed wings, fuselage, and tail with elevators & rudder) as well as the science of aero- 
dynamics. In 1853 a large Cayley glider with 200 square feet of wing area carried Cayley’s 
coachman about 200 yards across Brompton Dale in Yorkshire, the first manned flight of an 
unpowered heavier-than-air craft. From 1866 to 1896 Otto Lilienthal made more than 2000 flights 
in gliders of his own design. Flying from a hill he and his brother Gustav built specifically to test 
gliders, he comprehensively studied the effects of wing shape on perfonnance. In 1894 Octave 
Chanute published the history Progress in Flying Machines . In 1895 he began designing his own 
gliders. He was a friend and early design consultant to the Wright brothers. On 6 May 1896 Dr. 
Samuel Pier-pont Langley, Secretary of the Smithsonian Institution, flew his steam-powered 
Aerodrome No. 5 more than one-half mile across the waters of the Potomac River. This small 
model could not carry a person. However, it stimulated Langley to attempt a larger version using 
a gasoline engine. On 8 December 1903 with Charles M. Manly as the pilot, Langley attempted to 
catapult his aeroplane into flight from the deck of a houseboat on the Potomac River. The craft 
snagged in the catapult and crashed, ending the only serious attempt that might have beaten the 
Wright brothers to the first powered flight. 

Orville Wright had long followed Lilienthal’s work. Lilienthal’s death in August 1896 
stimulated Wright to attempt his own experiments with flight. Starting with gliders, the brothers 
progressed to studying powered flight. On 17 December 1903 (one week after Langley’s crash), 
Orville Wright piloted their gasoline engine -powered biplane on a 12-second, 120-foot flight in the 
Kill Devil Hills, Kitty Hawk NC. The Wright brothers were granted a patent on the airplane on 22 
May 1906. They sold a Wright Flyer to the U. S. Army Signal Corps on 10 February 1908 to begin 
the field of military aviation. 

The first monoplane (single-wing) aircraft was built by the Romanian inventor Trajan Vuia 
and made its first flight on 18 March 1906. Military experimentation began as soon as airplanes 
became available to anyone other than their inventors. Most emphasis was on the use of aircraft in 
reconnaissance. However, a few far-sighted individuals went beyond this. On 30 June 1910, Glenn 
Curtiss dropped dummy bombs on the outline of a battleship marked by buoys on Lake Keuka in 
New York State. Lt. Jacob Fickel fired a rifle at a 3’ x 5’ target from an aircraft at an altitude of 
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100 feet piloted by Glenn Curtiss on 10 August 1910 near Sheepshead Bay near New York. On 14 
November 1910, Eugene Ely took a Curtiss biplane off from a platform raised above the deck of the 
cruiser Birmingham. On 18 January 1912, Ely landed a Curtiss biplane on the cruiser Pennsylvania 
and took off again. Great Britain’s Royal Flying Corps was formed in April 1912. In August 
1915, Max Immelman at the controls of a Fokker E-l shot down an Allied aircraft with a machine 
gun synchronized to fire through the rotating propeller. Hugo Junkers built the first all-metal 
monoplane (the J-l) in 1915. The USS Langley (CV-1) became the first commissioned aircraft 
carrier on 20 March 1922. The same year, the Langley demonstrated the ability of a combat aircraft 
to take off from an aircraft carrier on 17 October, to land on the carrier on 24 October, and to be 
launched using a catapult on 18 November. The Heinkel He 178 became the first airplane to fly 
using a jet engine in on 24 August 1939. Kommando Nowotny became operational on 3 October 
1944 flying the Messerschmidt Me-262 jet aircraft. On 14 October 1947 Chuck Yeager broke the 
sound barrier in the Bell X-l. 

“Heavier than air flying machines are impossible. ” 

- Lord Kelvin [William Thomson], President of the Royal Society (1895). [18] 

See Kelvin’s prediction about radio (described earlier in this chapter) for more details. Again no 
justification (especially no thennodynamic justification) for the remark can be made. Perhaps the 
contention (popular among junior scientists and graduate students), that the brains of elderly 
scientists have ossified to such an extent that they cannot accept new ideas, has some merit. 

“Outside of the proven impossible, there probably can be found no better example of the 
speculative tendency carrying man to the verge of the chimerical than in his attempts to 
imitate the birds, or no field where so much inventive seed has bee sown with so little return 
as in the attempts of man to fly successfully through the air. Never, it would seem has the 
human mind so persistently evaded the issue, begged the questions and ‘wrangling reso- 
lutely with the facts ’, insisted upon dreams being accepted as actual performance, as when 
there has been proclaimed time and again the proximate and perfect utility of the balloon 
or of the flying machine. ... Should man succeed in building a machine small enough to fly 
and large enough to cany himself, then in attempting to build a still larger machine he will 
find himself limited by the strength of his materials in the same manner and for the same 
reasons that nature has. ” 

- Rear Admiral George W. Melville, Chief Engineer of the U. S. Navy from 1887 

to 1903 (December 1901). [21], [31] 

Melville was a world class naval engineer as well as an Arctic explorer. Here is an example where 
knowledge in one field does not prepare one to talk definitively about another. His knowledge of 
mechanics and structures of large iron machines (ships) does not seem to have extended to the fields 
of aeronautics or wood, cloth, and paper structures. 

“The limit which the rarity of the air places upon its power of supporting wings, taken in 
connection with the combined weight of a man and a machine, make a drawback which 
should not too hastily assume our ability to overcome. The example of a bird does not 
prove that man can fly. The hundred and fifty pounds of dead weight which the manager of 
the machine must add to it over and above that necessary in the bird may well prove an 
insurmountable obstacle to success. ... The practical difficulties in the way of realizing the 
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movement of such an object are obvious. The aeroplane must have its propellers. These 
must be driven by an engine with a source of power. Weight is an essential quality of every 
engine. The propellers must be made of metal, which has its weakness, and which is liable 
to give way when its speed attains a certain limit. And granting complete success, imagine 
the proud possessor of the aeroplane darting through the air at several feet per second! It 
is the speed alone that sustains him. Once he slackens his speed, down he begins to fall. He 
may, indeed, increase the inclination of his aeroplane. Then he increases the resistance 
necessary to move it. Once he stops he falls a dead mass. How shall he reach the ground 
without destroying his delicate machinery. ’’ 

- Simon Newcomb (22 October 1903). Newcomb was Professor of Mathematics 
at Johns Hopkins University, an astronomer at the U. S. Naval Observatory in 
charge of the American Nautical Almanac Office, and held a number of leadership 
positions in the National Academy of Science. [21], [32] 

Most of Newcomb’s discourse is true. However, it appears he failed to appreciate one critical point 
- that one does not need to stop before reaching the ground. It is possible to stop after the landing 
gear has made firm contact with the ground. 

“If God wanted us to fly, He would have given us wings; He would have made us angels; 
He would have made us birds. Let me assure you, you will not see people fly. ” 

- Milton Wright, minister of the Church of Christ, responding to a comment from 
the audience after a sermon discussing the limits of human ingenuity (Summer 
1903). [28] 

This quote is fascinating when one realizes that three months later, Milton Wright’s two sons, 
Wilbur and Orville, flew the first airplane from Kitty Hawk, North Carolina. At any rate, the 
Reverend Wright does not appear to have been a supporter of his sons’ preoccupation with attempt- 
ing to flight. The statement may indeed reflect a cleric’s substantial displeasure at his sons’ 
spending time trying to fly rather than earning a good livelihood selling and repairing bicycles at 
their shop. 

“We hope that Professor Langley will not put his substantial greatness as a scientist in 
further peril by continuing to waste his time and the money involved, in further airship 
experiments. Life is short, and he is capable of sendees to humanity incomparably 
greater than can be expected to result from trying to fly. ’’ 

- New York Times editorial (1903). Published one week before the successful 
Wright brothers flight at Kitty Hawk. [21], [33] 

This editorial appears to have been printed just after Langley’s aeroplane crashed on takeoff (for the 
second time) into the Potomac River. It may be more of an exhortation to pursue safer studies than 
a prediction that flight is impossible. Nevertheless, a long stream of failed attempts by others 
preceded Langley’s last attempt and it may be an example of the ridicule that the press often heaps 
on “failed” inventors, especially famous ones. Ridicule is one of several techniques that catch the 
public’s attention and sells newspapers. 

“The machines will eventually be fast, they will be used in sport, but they are not to be 
thought of as commercial carriers. To say nothing of the danger, the sizes must remain 
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small and the passengers few , because the weight will, for the same design, increase as the 
cube of the dimensions, while the supporting surfaces will only increase as the square. It 
is true that when higher speeds become safe it will require fewer square feet of surface area 
to cany a man, and that dimensions will actually decrease, bu this will not be enough to 
carry much greater extraneous loads, such as a store of explosives or big guns to shoot 
them. The power required will always be great, say something like one horse power to 
every hundred pounds of weight, and hence fuel cannot be carried for long single journeys. 

- Octave Chanute, Glider pioneer and aviation historian (March 1904). [21], [34] 

Chanute’s argument is correct in every respect except for his interpretation of the last line. Gaso- 
line engines were still in their infancy in 1904 and Chanute (being a glider pilot and not an engine 
expert) failed to make an adequate projection of where the ultimate technological limits to gasoline 
engine perfonnance lay. Modern gasoline engines can produce several dozens of horsepower per 
100 pounds of weight and can produce that horsepower while consuming only a few tens of pounds 
of fuel per hour. There is plenty of power and weight margin for all necessary payload and struc- 
ture. 



“All attempts at artificial aviation are not only dangerous to human life, but foredoomed to 
failure from the engineering standpoin t. ” 

- Engineering editor, The Times (of London?) (1906). [61] 

One can only wonder what makes some people claim the impossibility of things that have already 
been publicly proven. If the demonstration was believed to be a hoax (the only explanation the 
author can come up with that does not cast doubts about the editor’s capability), then the editor 
would almost certainly have said so. 

“I confess that in 1901, 1 said to my brother Orville that man would not fly for fifty years. 
Two years later we ourselves made flights. This demonstration of my impotence as a 
prophet gave me such a shock that ever since I have distrusted myself and avoided all 
predictions. ’’ 

- Wilbur Wright, in a speech to the Aero Club of France (5 November 1908) [19] 

The author suspects that Wilbur’s original comment to his brother must have been said after one of 
the many failures that plagued the Wright Brothers early attempts at powered flight. If Wilbur 
Wright truly believed his statement at the time, it seems unlikely he would have continued his 
obvious fanatic devotion to the achieving the goal he attained just two years later. 

“ A popular fantasy is to suppose that flying machines could be used to drop dynamite on 
the enemy in time of war. ” 

- William Henry Pickering, U. S. Astronomer (1908). [18] . 

Pickering discovered Phoebe, the ninth moon of Saturn, he predicted the existence and position of 
Pluto, and he built the Lowell Observatory in Flagstaff AZ for Percival Lowell. By 1908 airplanes 
were sufficiently advanced that Pickering should actually have been asking the question, why 
couldn’t flying machines be used to drop explosives. To paraphrase Jules Veme, ‘What one man 
can imagine, another man can do.’ There was no technological reason why it couldn’t be done. In 
fact, it was done by Glenn Curtiss only two years later. If Pickering were an outspoken pacifist (the 
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author does not know), then the “prediction” may represent a typical pacifistic attempt at preventing 
what they fear (indeed know) in their hearts will ultimately come to pass. Unfortunately, the author 
cannot name a single instance in which such disavowal has ever been successful. 

“ Airplanes are interesting toys but of no military value. ” 

- Marechal Ferdinand Foch, French military strategist and Commandant of the 
French Ecole Superieure de la Guerre (1911). Foch became Commander in Chief 
of Allied Forces in France during WWI. [18] 

This is a case of a disastrous lack of imagination on the part of a senior military officer. As a strat- 
egist he should have immediately recognized the significant advantage of being able to have a 
bird’s eye view of the battlefield whenever and wherever desired. Armies had used balloons for 
aerial reconnaissance for many years with limited success. The limitations were unique to balloons 
and obviously did not apply to airplanes. Had France spent more effort on military aircraft develop- 
ment, they might have dominated the skies over the WW I battlefields from the beginning rather 
ceding the initial superiority to the Germans. 

“The aeroplane is the invention of the devil and will never play any part in such a serious 
business as the defence of a nation. ” 

- Sir Sam Hughes, Canadian Minister of Defence (1914). [18] 

This is either a case of “ostrich syndrome” or stupidity, or both. Inventions of the devil are exactly 
what every successful military leader has always sought after and are critical parts of warmaking. 
They invariably play critical parts in the defense of a nation. Someone at the Minister of Defence 
level should have known this and never made such a ridiculous statement. The author considers 
this remark indefensible and the speaker should have been relieved of his position (it is possible that 
he was when WW I broke out; the author does not know). 

“The director of Military Aeronautics of France has decided to discontinue the purchase 
of monoplanes, their place to be filled entirely with bi-planes. This decision practically 
sounds the death knell of the monoplane as a military instrument. ” 

- Scientific American (1915) [18] 

From a business perspective, this prediction was true throughout World War I. However, to assume 
that any business decision, once made, is irrevocable, or that technological advances will never 
cause good decisions to become bad ones, and vice versa, is naive to say the least. 

“The day of the battleship has not passed, and it is highly unlikely that an airplane, or a 
fleet of them, could ever successfully sink a fleet of Navy vessels under battle conditions. ” 

- Franklin D. Roosevelt, Assistant Secretary of the Navy (1922) [21], [22] 

Roosevelt’s statement may have been part of a political attempt by the Navy to minimize the 
significance of General Billy Mitchell’s July 1921 sinking of several warships (including the 
German battleship Ostfriesland and th q Alabama) using 2000-lb bombs dropped from Martin MB-2 
bombers. Unfortunately for the Navy, Mitchell repeated the feats in 1923 sinking the battleships 
Virginia and New Jersey off Cape Hatteras. Although the Navy continued to develop bigger and 
bigger battleships, it also engaged in serious development of Naval Aviation. The U. S. had seven 
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aircraft carriers at the beginning of WWII, and it is those seven carriers, that arguably stopped the 
Japanese in their march across the Pacific. 

"... as far as sinking a ship with a bomb is concerned, you just can ’t do it. ” 

- Rear Admiral Clark Woodward, U. S. Navy (1939) [21], [22] 

It is difficult to understand how any senior Navy officer could have uttered this statement in 1939, 
in light of Mitchell’s accomplishments, and in light of the fact that the Navy was building a number 
of aircraft carriers to be able to do just what Woodward claimed was impossible. Woodward’s 
position in 1939 is unknown to the author, however by 1942 he was Superintendent of the New 
York Navy Yard. If he held that position in 1939, his statement may have reflected excessive pride 
in the new battleships he was responsible for building. Alternatively, one might sunnise that 
perhaps he made this comment after watching fleet aviation training exercises, which are not always 
highly successful (disastrous is an often applied term). Other possibilities abound. Woodward 
might have been rejected for flight training earlier in his career. Or perhaps being an engineering 
duty officer (the author is unsure of whether Navy Yard commands were restricted duty assign- 
ments in 1942 as they are today) he might have been denied a deep-seated desire to command one 
of the new carriers, and his statement reflects “sour grapes”. 

‘Air-dropped torpedoes cannot be used in Pearl Harbor because it’s too shallow. ’ 

- United States Navy (1930’s) [30] 

Unfortunately, the Navy failed to ask the questions that should be obvious to a technology assessor 
(Why do torpedoes dive too deep? and How can deep diving be prevented?). The Japanese Navy 
came to the same assessment as the U. S. Navy but asked the key questions, answered them, and 
proceeded to develop shallow- water air dropped torpedoes. The December 7, 1941, surprise attack 
on Pearl Harbor was a direct consequence of this difference in follow-through on a technology 
assessment. 

“Even considering the improvements possible. ..the gas turbine could hardly be considered 
a feasible application to airplanes because of the difficulties of complying with the stringent 
weight requirements. ” 

- U. S. National Academy of Science (1940). [18] 

The author can only assume that the authors of this NAS promulgation were totally unaware of the 
successes being achieved in work on jet propulsion being vigorously pursued in Gennany, the 
United Kingdom, and the United States. The jet-powered Heinkel He 178 had already flown in 
August 1939 (before WWII started). Even without this knowledge, it is hard to understand how 
such an assessment could be made, unless the assessors simply lacked expertise in the technology 
they were asked to assess. 



SPACE TRAVEL - Gunpowder was invented by the Chinese around 200 B.C. However, it was 
another twelve centuries before they constructed the first true rockets. The use of rockets in war 
spread rapidly around the world, reaching Europe before 1300. All parties continued to use and 
improve incendiary and explosive rockets for warfare during the next sixth centuries. Chinese folk 
history tells a tale of Wan-Hoo, who in 1500, died in an attempt to fly using a rocket-propelled 
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chair. The major scientific development in rocketry occurred in 1687 when Sir Isaac Newton 
published his Philosophiae Naturalis Principia Mathematica . Among other things, this work 
described Newton’s three laws of motion. The third law, “For every action, there is an equal and 
opposite reaction”, is the fundamental principle of rocket propulsion. In the first decade of the 
1800’s, Colonel Sir William Congreve, made a variety of improvements to military rockets at the 
Royal Laboratory, Woolwich Arsenal, London. In addition to increasing the size of the rockets, he 
developed versions with fragmentation warheads and illuminating flares as well as incendiary 
versions. Congreve’s rockets were used in a number of battles, the most notorious being the British 
bombardment of Fort McHenry in Baltimore on 13-14 September 1814. A witness to the attack, 
Francis Scott Key, described the “rockets’ red glare” in his song, “The Star-Spangled Banner” , that 
was to become the American National Anthem. The use of rockets in war had diminished by the 
U. S. Civil War due to the development of breech-loading, rifled-barrel artillery. However, the use 
of spin stabilization for improved accuracy and multiple stages for extended range had been 
introduced to the field by this time. 

In 1903 Konstantin Tsiolkovsky published his article “Exploration of Space With Rocket 
Devices” which contained a detailed scientific explanation of how Newton’s Third Law could be 
used to allow a rocket to escape from Earth’s gravitational well. This article described a liquid- 
fueled rocket that burned liquid hydrogen and liquid oxygen. A later paper elucidated the advan- 
tages of multiple stages in launching spacecraft. Independent of Tsiolkovsky, Robert Goddard also 
recognized the possibilities of space travel using rockets and conceived of liquid-fueled rockets 
based on liquid hydrogen and liquid oxygen. Goddard, however, was an experimentalist, which 
Tsiolkovsky was not. From 1909 to 1940, working mostly at Clark University (except for flight 
tests at several distant sites), Goddard conducted hundreds of experiments (many successful) on 
liquid fuel rocket motors and rockets. In the course of this work he invented nearly all aspects of 
modern liquid- fuel rocket technology. In Gennany, Hennann Oberth heard of Goddard’s 1919 
book A Method of Reaching Extreme Altitudes (which had been ridiculed as science fiction in the 
United States). Supposedly unable to locate a copy in Germany, Oberth was nevertheless stimu- 
lated to continue his own research in liquid-fueled rockets. In 1923, Oberth published his book The 
Rocket into Planetary Space , which expanded upon Goddard’s ideas. It stimulated German interest 
in space travel. Members of the German Society for Space Travel (formed in 1927) provided the 
scientific and engineering talent to the German war rocket program. Working under the technical 
leadership of Wemher von Braun, the German rocket community conducted the first successful test 
of its V-2 missile on 3 October 1942 (it reached an altitude of 50 miles and flew a distance of 120 
miles). On 6 September 1944, the first operational V-2 rockets were fired at Paris (once again in 
Allied hands). 

After World War II, captured German rocket scientists and hardware formed the core of the 
U. S. rocket developments. A smaller contingent captured by the Soviets bolstered the already 
significant U.S.S.R. space program. The Soviets demonstrated the first intercontinental ballistic 
missile (ICBM) in August 1957 (the U. S. Atlas ICBM was not deployed until 9 September 1959). 
They launched the first space satellite (Sputnik) on 4 October 1957 (the U. S. Explorer I satellite 
was not launched until 3 1 January 1958). This was followed by the launch of Yuri Gagarin on 12 
April 1961 to be the first man to orbit the Earth (American John Glenn did not orbit the Earth until 
20 February 1962). The Space Race was that close for the first decade. The race effectively ended 
on 20 July 1969 when Apollo XI landed on the moon. 

“In spite of the opinions of certain narrow-minded people who would shut up the human 
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race upon this globe, we shall one day travel to the moon, the planets, and the stars with the 
same facility, rapidity and certainty as we now make the ocean voyage from Liverpool to 
New York. ” 

- Jules Veme, source unavailable (1865). [61] 

Not every fantastic prediction has been proven wrong. This one has not yet been completely proven 
right (we appear to be irrevocably on the way), but it shows that people can have long-range visions 
that are not invariably wrong. Dreams can come true! 

"Professor Goddard does not know the relation between action and reaction and the need 
to have something better than a vacuum against which to react. He seems to lack the basic 
knowledge ladled out daily in high schools. ” 

- Editorial on Goddard’s work, New York Times (1921) [19] 

One hopes the high schools in Goddard’s day did not disseminate the sort of knowledge proclaimed 
by this journalist. Either the journalist never had a class in high school physics or he must have 
slept through it, because his scientific logic is totally in error. Nevertheless, this editorial was 
typical of the public reaction to Goddard’s book A Method for Reaching Extreme Altitudes . The 
overwhelming public criticism turned Goddard into something of a recluse and hampered his ability 
to make further contributions. Today this book is considered Goddard’s most scholarly work. The 
negative impact of such criticism and Goddard’s reaction to it may have contributed to the minimal 
emphasis placed on rocket research in the United States until after World War II. Rather than being 
a leader, the U.S. became a non-player, and was forced to play catch-up after the war. 

“This foolish idea of shooting at the moon is an example of the absurd length to which 
vicious specialization will cany scientists working in thought-tight compartments. Let us 
critically examine the proposal. For a projectile entirely to escape the gravitation of earth, 
it needs a velocity of 7 miles a second. The thermal energy of a gramme at this speed is 
15,810 calories... The energy of our most violent explosive - nitroglycerine - is less than 
1,500 calories per gram. Consequently, even had the explosive nothing to carry, it has only 
one-tenth of the energy necessary to escape the earth... Hence the proposition appears to 
be basically impossible. ” 

- W. A. Bickerton, Professor of Physics and Chemistry at Canterbury College, 

Christchurch, New Zealand (1926) [19] 

Bickerton made a classic technical mistake. The energy of the explosive does not have to propel 
itself into space, it only has to propel a much smaller ancillary mass. For example, if all 1500 
calories of energy in one gram of nitroglycerine were transferred to a one -tenth gram mass, that 
mass has 15,000 calories per gram, just below that determined to be necessary for escape. Highly 
educated people often grasp part of a concept, but not all of it, and rush to do their own evaluation 
based on faulty premises. The result is invariable also faulty. Without detailed and rigorous 
analysis, it is difficult to find valid faults in complicated concepts. However, if someone in a 
position of authority is going to make a negative prediction, then that someone had better be correct 
in his analysis. 

There is no hope for the fanciful idea of reaching the moon because of the insurmountable 
barriers to escaping the earth ’s gravity. ’’ 
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- Forest Ray Moulton, University of Chicago Astronomer (1932) [61] 



“ There is not in sight any source of energy that would be a fair start toward that which 
would be necessary to get us beyond the gravitative control of the earth. ” 

- Forest Ray Moulton (1872-1952), Astronomer (1935) [19] 

Moulton was a professor at the University of Chicago from before 1900 until the late 1930’s and 
had developed a considerable reputation for his refutation (around 1900) of the nebular theory of 
planet formation on the basis of relative angular momenta of the sun and planets. He also contrib- 
uted the planetesimal theory of planet formation (also incorrect but an improvement on the original 
nebular theory). He authored several widely respected textbooks on astronomy. He ultimately 
became Permanent Secretary of the American Association for the Advancement of Science (1937- 
1948). Despite his prominence, being an astronomer, all Moulton had to do was look at the night 
sky to have many such sources in sight. Puns aside (every star in the night sky is at its core a source 
of more than enough energy to transport us beyond the gravitative control of the earth), even 
chemical energy from explosives (propellants) should have been recognized as sufficient. All of the 
necessary calculations had been performed and published by both Oberth and Goddard. It appears 
that Moulton could not be bothered to read up on the subject before making such definitive procla- 
mations. In partial defense, he may not have had access to Oberth’s book and may have been 
influenced by the negative publicity that surrounded the publication of Goddard’s book (more than 
a decade earlier) to ignore it. Even though astronomy was still basically an observational science 
in the 1930’s and astronomers were not required to be strongly versed in basic physics, Moulton 
does not appear to have been one of those who were not. Although having received his academic 
training before 1900, he might have been deficient in the areas of atomic theory and chemical 
thennodynamics. As a result he might have been unable or unwilling to reproduce the simple 
calculational proofs of principle performed by Goddard and Oberth. 

" [Goddard’s proposal for developing a rocket-accelerated airplane bomb is] ... too far- 
fetched to be considered. ” 

- Editor of Scientific American (1940) [21], [35] 

Goddard continued working on rockets well into World War II. However, his most serious propos- 
als were never acted upon, and technological leadership was relinquished to the Germans. Why this 
editor took this negative position is not clear. Airplanes, rockets, and bombs were all old hat. 
Putting them together does not take much imagination. 

“The people ... have been talking about a 3,000 mile high-angle rocket shot from one 
continent to another, carrying an atomic bomb and so directed as to be a precise weapon 
which would land on a certain target, such as a city. I say, technically, I don ’t think any 
one in the world knows how to do such a thing, and I feel confident that it will not be 
done for a very long period of time to come ... I think we can leave that out of our 
thinking. ’’ 

- Dr. Vannevar Bush, Director of WWII Office of Scientific Research & 

Development (3 December 1945) [21], [15] 

Fortunately, the German scientists (including Wemher von Braun) brought to America as part of 
Project Paperclip did not share Bush’s lack of vision concerning the military implications of 
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ballistic missiles. Otherwise, we might have lost both the Space Race and the Cold War. However, 
in Bush’s defense, the atomic bombs of those early days were not that much smaller than a V-2, the 
only serious rocket of that time. Furthermore, it did take another 14 years before Atlas was de- 
ployed as the first operational ICBM and some might consider this a “very long period of time”. 
Unfortunately for us, in today’s military hardware development environment, 14 years from dream 
to initial operational readiness borders on the miraculous. Nevertheless, Bush’s vote of no support 
may have slowed U. S. efforts enough to give the lead in the Space Race to the Soviets. 

“ Landing and moving about on the moon offers so many serious problems for human 
beings that it may take science another 200 years to lick them. ” 

- Science Digest (1948) [18] 

This writer was clearly unaware of the pace of technological development. This is not an indict- 
ment, as serious studies of technology growth did not begin until the 1950’s. However, two 
hundred years is almost an eternity in technology development. Sensible futurists reserve this time 
frame for developments that will require major revision of the laws of physics as we know them. 
Anything else is assumed to be a certainty within 200 years. 

“ Space travel is utter bilge. ” 

- Richard Woolley, Astronomer Royal of U. K. and space advisor to the British 
government (1956) [18], [19] 

“ Space travel is bunk. ” 

- Sir Harold Spencer Jones, Astronomer Royal of U. K. (1957). [61] 

According to Reference [17], this statement was made immediately upon Woolley’s return to Eng- 
land to assume the post of Astronomer Royal. He was surrounded by “rude and uncouth pressmen 
asking his views on absolutely everything”. Ultimately he was reduced to giving snap answers such 
as “Bilge” to every question. In this author’s opinion, there may also have been a certain amount 
of sour grapes at the United Kingdom’s not being able to afford a space program. Both the U. S. 
and the U. S. S. R. had satellite launch programs underway long before this statement was made. 
Even more incredible is the statement of his successor (Jones) made 2 weeks before the launch of 
Sputnik. [61] This lends even more credence to the sour grapes hypothesis. 

“To place a man in a multi-stage rocket and project him into the controlling gravitation- 
al field of the moon where the passengers can make scientific observations, perhaps land 
them alive, and then return to earth - all that constitutes a wild dream worthy of Jules 
Verne. I am bold enough to say that such a man-made voyage will never occur regard 
less of all future advances. ” 

- Dr. Lee de Forest, quoted in New York Times (25 February 1957). [19] 

It is hard to imagine what could have driven de Forest to make this statement. “Never” is a word 
which should be used in predictions with utmost caution. 
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MI L ITARY MISCELLANY - Weapons and their use have long been the subject of specula- 

tion. Here are a few examples of misguided speculation. 

‘Submarines are too slow to be of any use against modern warships. ’ 

- U. S. Navy (ca. 1900) [30] 

This was undoubtedly true at the time. That did not prevent submarines from being used with 
deadly effect against merchant ships that could not travel as fast as the warships of the day. In 
addition, the diesel engine (developed in 1 897) had not yet been applied to naval propulsion. When 
it was finally applied to submarines, it increased speeds to levels that made submarines the serious 
threats to warships that they remain today. The inability to see beyond the initial status of a 
development and visualize what might be is a key to the innovative process. 

“I must confess that my imagination, in spite even of spurring, refuses to see any sort of 
submarine doing anything but suffocating its crew and foundering at sea. ” 

- H. G. Wells, science fiction novelist and futurist (1901) [18] 

Everyone, even a master, has their bad days and their personal failings. 

“Most improbable and more like one of Jules Verne ’s stories. ” 

- British Admiral Sir Compton Dombile, reacting to the story “Danger” by Sir 
Arthur Conan Doyle which warned that Britain was susceptible to a submarine 
blockade by a hostile nation (1914). [19] 

"[I reject the prediction] that territorial waters will be violated, or neutral vessels sunk [by 
submarines]. Such will be absolutely prohibited, and will only recoil on the heads of the 
perpetrators. No nation would permit it. ” 

- British Admiral Sir William Hannan Henderson (1914). [19] 

Naivete, wishful thinking, or senility are the best guesses that the author can make concerning the 
preceding two predictions. 

“Make no mistake, this weapon [machine gun] will change absolutely nothing. ” 

- French Director-General of Infantry addressing the French parliament (19 10)[19] 

"[The machine gun is] a grossly overrated weapon. ” 

- Field Marshall Earl Douglas Haig, Commander-in-Chief British Expeditionary 
Forces (at outbreak of World War I in 1914) [19] 

“ ‘ What shall I do with the machine-guns today, sir? ’ would be the question frequently 
asked by the officer in charge of a field day. ‘Take the damn things to a flank and hide 
them! ’ was the usual reply. ” 

- Brigadier-General Baker-Carr, first commandant of the British Anny machine- 
gun school in France (1914) [21], [36] 

These vignettes recount the dislike of traditional infantry commanders for the machine-gun. This 
feeling was short-lived after World War I began. The killing power of machine guns when used 
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against infantry attacks was unmatched and undeniable. However, it took their use in actual combat 
for commanders to appreciate their impact. No amount of training could accurately calibrate or 
pennit estimation of that killing power. This is why many weapons developers secretly desire 
occasional conflicts to provide the ultimate tests for their equipment. It is worth noting that even 
as late as 1916 Lord Haig wanted fewer machine guns in his forces as he felt they encouraged a 
defensive posture and contradicted his “attack at all costs” principle. [37] We will hear from Haig 
again shortly. 

“The idea that cavalry will be replaced by these iron coaches is absurd. It is little short of 
treasonous. ’’ 

- Aide-de-camp to British Field Marshal Haig, on observing a tank demonstration 
(1916). [19] 

“A pretty mechanical toy. ” 

- Lord Kitchener, British Secretary of State for War (circa 1917). [19] 

It is strange that although people in the first decade of the new century readily saw how the automo- 
bile would replace the horse and buggy, few military leaders saw how the tank would revolutionize 
the battlefield. To an extent, the magnitude of the denigration heaped on tanks may have created 
a self-fulfilling prophecy. As we will see, disbelief in the utility of tanks led to a lack of support 
which guaranteed a lack of success. 

‘Tanks should be used as strongpoints behind the lines. ’ 

- Field Marshall Earl Douglas Haig, Commander-in-Chief British Expeditionary 
Forces (Feb. 1918) [37] 

Haig’s sentiment was voiced several months after British tanks routed German forces in their first 
ever use serious in World War I at Cambrai on 20 November 19 17. [37] The initial attack produced 
an immediate breakthrough, but ultimately failed because lack of faith in the new technology 
caused there to be no infantry forces to be available to support the armored thrust (by suppressing 
direct fire artillery) and insufficient reserves available to exploit the breakthrough. Although all 
countries continued to pursue ta nk development, and at the start of World War II, France and 
England had tanks superior to the German tanks, it is interesting to note that it was ultimately the 
Germans that developed tactics capable of exploiting the capabilities that the new tanks presented. 
However, this did not happen until well after WW I was over. The German generals learned no 
better than the British generals and never even attempted serious use of tanks in WWI. However, 
having experienced the rout from the loser’s perspective, German junior officers appear to have 
been more receptive to the true lessons that the WW I tank engagements tried to deliver and 
invented the blitzkrieg in the interwar period. It should be noted that at least one author has labeled 
Haig as a “butcher” and a “bungler” for his unimaginative and dogged insistence on “attack at all 
costs” (usually using infantry charging directly at enemy machine guns) and his failure to accept 
new technologies (tanks). [3 7] 

“As for tanks, which are supposed by some to bring us a shorten ing of wars, their incap- 
acity is striking. ” 

- Marechal Henri Philippe Petain, former French Minister of War, in a introduction 
to a book Is an Invasion Still Possible? by General Chauvineau of the French Ecole 
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de Guerre (1939). [19] 



This book argued that Germany could no longer successfully invade France. History answered this 
claim with the 1940 German invasion which crushed French resistance in less than two months. 
Tanks were perhaps the primary factor that allowed the Germans to totally bypass the Maginot 
Line. The fatal flaw in this prediction almost certainly lies in the vested interests of Marechal 
Petain. As one of those responsible for fonnulating and implementing the defenses of France, any 
suggestion on his part that he had overlooked something that would make these defenses useless, 
would be tantamount to an admission of gross incompetence. 

“No matter what happens, the U. S. Navy is not going to be caught napping. ” 

- Frank Knox, Secretary of the Navy (5 December 1941). [38] 

Pearl Harbor soon put paid to this statement. At first glance, this appear to be a case of “pride going 
before the fall”. However, a recent theory claims that newly available evidence indicates that 
President Roosevelt and his key advisors (including Knox) deliberately withheld intelligence from 
the U. S. forces in Hawaii concerning Japanese attack plans. [39] The alleged purpose was to invite 
an attack on U. S. forces and draw the U. S. into World War II. Roosevelt was supposedly con- 
vinced that our entry into the conflict was necessary to prevent British capitulation and that a direct 
attack on the U. S. was necessary before Congress would declare war. The statement above could 
have been part of this secret stratagem. If so, the Navy in Washington was indeed not caught 
napping. It was only the forces in the Pacific that were left in the dark. Even if one does not 
subscribe to conspiracy theories, there is incontrovertible evidence that Washington knew of the 
attack in time to have successfully warned the forces in Hawaii. Unfortunately, failure to give 
sufficient priority to the communication led to its late receipt (after the attack had begun). Again, 
one can categorically state that the Navy was not caught napping, but it might be fair to say that it 
hadn’t yet completely awakened. A similar argument might be made concerning the Army’s 
failure to heed the detection of a large flight of aircraft (the Japanese Strike forces) by the newly- 
deployed Opana Mobile Radar Station (located near Oahu’s Kahuku Point). 

‘By the turn of the century, infectious disease will be a thing of the past. ’ 

- World medical community (in 1960’s and 1970’s) [30] 

It should be noted that when such sentiments were being voiced, the medical community had 
developed vaccines against many major childhood diseases (especially polio), infectious disease 
had ceased to be a major cause of death in industrialized countries, and smallpox was nearing its 
virtual eradication from the general population. Doctors, microbiologists, and phannaceutical 
chemists did know that a few bacteria could develop resistance to the most common antibiotic 
(penicillin). However, what the medical community did not know until later, was that bacteria 
could acquire resistance to antibiotics from other bacteria and that some viruses (such as influenza) 
mutate regularly in their animal reservoirs. Thus nature appears to conspire to provide a never- 
ending stream of organisms to which the human population has never developed immunity and 
against which our most powerful disease fighting drugs are ineffective. Now, some members of 
the medical community are predicting that infectious disease will once again become the major 
source of death in every country, not just the third world. 
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‘Millimeter-wave radars will soon replace all other sensors in seeker applications. ’ 

-U. S. Army (late 1970’s) [30] 

The U. S. Army development community had an almost total obsession with the acquisition of “all- 
weather” millimeter-wave radars in the 1970’s. This was strongest in programs that desired fire and 
forget missiles. Sadly, only one or two of these programs was successful. An unfortunate by- 
product of the obsession was reduced interest in pursuing competing technologies (i.e., imaging 
infrared and ladar). These competing technologies were not “all weather”, but were later proven to 
have adequate bad weather perfonnance in most applications, and immensely superior perfonnance 
in other respects. Weapons using these competitive technologies are just now entering the inven- 
tory. They could have been developed at least a decade earlier were it not for the effects of the 
millimeter-wave obsession. Military development budgets are essentially zero-sum situations. 
There is a limited amount of money for investment. Excessive investment in one area will preclude 
significant investment in other areas. Using the nomenclature developed in the chapter of this 
report dealing with technology assessment methodology, excessive investment in one are can 
establish a “societal limit” to technology development in other areas. Furthermore, excessive 
investment in one area does not guarantee its successful development. Fundamental technological 
limits can not be overcome by “throwing money at the problem”. Development programs should 
strive to maintain balance between competing technologies, rather than placing all of the eggs in 
one basket. The “obviously best” approach does not always survive the development process. 

"... that the problem of destroying missiles inflight could be solved using an intense laser 
beam ...All such speculations can, however, be dismissed as pure nonsense when a rigorous 
scientific analysis is applied to the problem. ” 

- Professor Hans Thirring (1963) [17] 

Hans Thirring was an eminent theoretical physicist who spent his career at the prestigious 
University of Vienna. He is most noted for his prediction (with Fense) that rotating massive bodies 
would drag space-time around with them (the Fense-Thirring effect - which was recently experi- 
mentally observed). He was also an ardent and serious investigator of parapsychology and founded 
the Institute of Parapsychology in Vienna. Nevertheless, none of this qualified him to make such 
a prediction. The author was just beginning his studies of lasers in 1963. The popular literature of 
the time was filled with articles on laser “death rays”. There was even a comic book featuring the 
technology. The public hype was clearly enough to disgust any serious researcher. [30] It is not 
impossible that Thirring ’s remark was more scientific backlash than a condemnation of any work 
on missile defenses. Regardless, it was experimentally proved wrong in less than 15 years. 

‘High-energy laser weapons will quickly make antiship missiles obsolete. ’ 

- U. S. Navy High-Energy Faser Program Office (1 970’s) [30] 

In truth, by the early 1980’s the particular laser the Navy was pursuing had demonstrated its pro- 
mised perfonnance and proved capable of destroying antiship missiles. Unfortunately, the system 
was not deemed compatible with use on a warship for a variety of reasons, not the least of which 
were environmental and safety concerns over the deuterium fluoride product of the laser’s operation 
and the size of the devices. These limitations were obvious from the early days of the program, but 
not addressed until after a very large amount of money had been spent. 
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‘We can provide a viable ground-based National Missile Defense system by 1995. ’ 

- U. S. Strategic Defense Initiative Office (ca. 1990) [30] 

When Congress passed legislation that mandated deployment of a National Missile Defense system 
by 1995, the Strategic Defense Initiative Office (SDIO) solicited proposals for that deployment. 
The responses were such that the procurement was canceled. Based on the author’s involvement 
with one of these proposal efforts, it is likely that the contractors could have deployed the missiles 
on time, but the deployed systems would not have provided the desired perfonnance, i.e., most 
would not hit the intended targets. Many more years of continued development would have been 
needed to design a new “kill vehicle” with acceptable performance. With the passing of the 
millennium, a National Missile Defense is still in the design stage. However, Congressional 
pressure may well cause the Administration to make a similar claim of “ready within 5 years” with- 
in the next year or two. More than a few critics fear that the claim will prove to be as unfounded 
today as it was in 1990. Good science and engineering will be needed to succeed, not good market- 
ing nor good politics. 

The preceding amusements should make the reader think seriously about the role of “ex- 
perts” in technology assessment. A critical study of these statements, taken in context to the extent 
possible, does reveal several recurring attributes. Many exhibit lack of imagination. The experts 
dismiss an innovation as a certain failure, simply because they themselves are incapable of imagin- 
ing uses for it. It appears that they have not even listened to the uses that have almost certainly 
been suggested by the inventor. Many make their predictions from a perspective with a too narrow 
context. They mis-associate business success with technological feasibility. When they cannot see 
how to make a profit, they assume the development cannot occur. They may view the business 
opportunity in a too narrow context. At the turn of the century, the U. S. military may be in such 
a position. Is it in the “business” of “fighting a major war” or is it in a broader “business” that 
incorporates peacekeeping, humanitarian operations, counter-insurgency, and counter-proliferation 
of WMD, among other roles? The context assumed will affect the character of the prediction. 
Many of the failed predictors have clearly vested interests in the status quo. This can manifest 
itself in deliberate misinformation (false prediction) in an attempt to derail new technologies. It can 
also lead to “sour grapes syndrome”, “not invented here syndrome”, or “ostrich syndrome”. Some 
failed predictors have clearly vested interests in a specific technological development. This can 
lead to deliberate misinformation (over-rating) in an attempt to bolster support. It can also lead to 
dogmatic belief in the superiority of new development (in all instances). At the turn of the century, 
stealth has become dogma. New systems must be stealthy, even when there is no good justification, 
and the stealth is not cost-effective. 

Examination of the dozens of failed predictions in this chapter gives another insight. Many 
people made essentially the same prediction as earlier predictors. This is not entirely surprising as 
most of them say that something can’t be done, or isn’t practical. Nevertheless, most people feel 
there is strength in numbers. The more predictions there are that say one thing, the easier it be- 
comes for the next person to say the same thing. In fact, it takes more courage to say the opposite 
from prior predictions. When dealing with a group of experts, it is essential to avoid letting the 
opinions of earlier speakers squelch dissenting positions of following speakers. This is one reason 
the anonymous Delphi technique has been favored for determining the true range of opinions of a 
group of experts. 
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Chapter 6. Growth Path of a Technology 



CLARKE ’S SECOND LA W: 

“The only way of discovering the limits of the possible is to venture a little way past them 
into the impossible. ” 

- Arthur C. Clarke, Profiles of the Future (1972) 



In preceding chapters we have been presented with enough evidence that it is reasonable 
that predicting the future of technology (as a whole) one hundred years into the future is virtually 
impossible. We have seen that the past rate of technical advance was so great that we find it 
difficult to comprehend how little technology was available 100 years in the past, even when the 
historical record is there to document it. We have seen that the same rate of advance will result in 
so many new technologies (17 to 60 times the present number) that no one is capable of compre- 
hending them all. We have also seen how easy it is to make predictions that are ludicrous in 
hindsight (even when the predictions are only a few years into the future). 

Nevertheless, it is essential to be able to predict technology at least a little way into the 
future. Military system designers must project adversary weapons and systems into the future in 
order to be able to design their own systems and weapons to be superior. Corporate executives 
must estimate the most important technical advances to be able to decide where to place their long- 
term investment capital. They must also decide what capability their next products should have. 
For example, in the semiconductor industry the technology half-life (doubling rate) is roughly half 
the time required to design, develop, tool up, and begin production of a new memory chip. This 
suggests that each new generation of memory chip must have at least 4 times the memory of the 
preceding generation. Successful companies have tended to follow this prediction. Companies that 
attempted designs with only twice the memory found themselves in non-competitive positions. 

It is relatively easy to predict the state-of-the-art of most technologies tomorrow. In almost 
every instance it will be the same as today. We are slightly less certain if we try to predict the state- 
of-the-art for the next week, and still less certain if we predict months or years ahead. Nevertheless, 
it is possible to predict many trends in technological growth and development that will occur on 
time spans as long as ten, twenty, or even thirty years. The methodology for consistently generating 
predictions is sometimes called technology assessment. Rigorously applied it can predict levels of 
achievement in specific areas of technology with a high degree of precision and with reasonable 
confidence. It cannot predict every specific detail of technological advances, nor can it predict the 
nature of major new inventions or breakthrough discoveries. 

Technology assessment is applied one technology at a time. The overall growth of “technol- 
ogy” as a whole can be predicted by aggregating the predicted growth of many different specific 
technology areas. Technology assessment must done religiously. Haphazard, misguided, or biased 
assessment is still capable of yielding laughably (or tragically) erroneous predictions, as evidenced 
in the preceding chapter. 

As we shall see, the technology assessment process begins with preparation. We will 
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continue this discussion with additional preparation, before addressing the details of the process. 
Every technology follows a more or less predictable life cycle. Any prediction of a technology’s 
future must take this life cycle into account. Table V outlines the stages in the life cycle of a 
technology and discusses the characteristics of the technology in each of those stages. Every stage 
has a “trend” that can be perceived by careful study. That trend may manifest exponential growth, 
linear growth, no growth, or decay. Each trend continues for a substantial period of time and thus 
may be used as a basis of prediction. 

Most (if not all) technology developments follow a classical logistic curve. With linear 
ordinate and abscissa, the logistic curve appears “S-shaped”. It begins with a long period of 
exponential growth. While the attribute being plotted is still small in value, the exponential growth 
is barely apparent. It is only when the value gets within one or two orders of magnitude of the 
limiting value that the growth becomes noticeable (on a linear plot). Then late in life, the technol- 
ogy attribute being plotted approaches some limiting value. When it approaches the limit, growth 
slows and ultimately stops. If the limit is technological in nature (see later in this chapter for more 
explanation of limits), then growth will stop until a new technology development occurs that 
eliminates or overcomes the technological limit. On a semi-logarithmic plot, the logistic curve 
begins with a long sloped straight-line segment (corresponding to the exponential growth region) 
which subsequently levels out into a horizontal line at the limiting value of the attribute plotted. 

Figure 6 shows the rate of discovery of new chemical elements. [8] The lower half of the 
plot (the “Chemical” elements) shows a classical logistical curve. Some elements like gold, silver, 
sulfur, etc., had been known since prehistoric times. Once chemists discovered that all materials 
were compounds of a few immutable elements, and that there were elements others than the prehis- 
toric ones (and other than the alchemist’s elements - earth, air, fire, and water) there was a race to 
discover the new elements. This led to exponential growth with a doubling time of roughly 20 
years (the author hopes the reader is aware that we have seen this behavior before). However, there 
is a finite number of “Chemical” elements - roughly 60. As the number of known elements ap- 
proached 60, the rate of discovery slowed. At about the time the limit was reached, it became 
known that there was a new class of elements (the rare earths). This led to a new, but short period 
of exponential growth, as most of the 14 rare earths were discovered. As this growth spurt was 
about to stop, the first of the 6 noble gases were discovered. This led to another brief flurry of 
exponential growth. As this growth spurt faltered, radioactivity was discovered, and a whole new 
class of radioactive elements became known. This produced another growth spurt until almost all 
of the 92 natural elements had been discovered. Finally, the invention of the particle accelerator 
permitted the artificial production of transuranic elements (Neptunium, Plutonium, etc.) and another 
growth spurt ensued. New technological advances such as heavy ion accelerators have allowed 
growth to continue to the present day. It is interesting to note that the long-tenn trend of these 
successive exponential spurts is an approximately linear long-term trend. This is not always the 
case as we shall see. 

Many technologies exhibit exponential growth during a large part of their life cycle. That 
is, performance doubles roughly every N years, where N is a constant. However, the perfonnance 
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Table V. The life cycle of a typical technology. 



STAGE 

Precedents 

Conception 

Gestation 

Birth 

Growth 

Procreation 

Maturation 

Maturity 

Senescence 

Decay 

Death 



DESCRIPTION 



The development of prior technologies and the occurrence of critical 
scientific "breakthrough(s)" that makes it possible to think about a new 
concept. The precedents may exist for decades or centuries before 
conception occurs. 

The "Miracle" of invention or discovery. The possibility and approach 
to a new product or process is recognized. 

Either the concept languishes waiting for other required technologies 
to be developed and/or the concept is finally validated. 

The first viable application of the technology is completed. 

"Consumer" acceptance expands and/or applications proliferate. This 
stage usually exhibits exponential growth. This stage may last a very long 
time. In some fields, such as computers, it may last for many decades. 
In such cases, it may seem that maturation will never occur. 

The technology spawns significant new technologies. This step may 
occur anywhere between birth and senescence or may not occur at all. 
This is one more manifestation of randomness. 

The rate of development of new applications slows. Exponential 
growth transitions to linear growth. 

Utilization of the technology stabilizes. New applications cease to be 
developed. Utilization grows or shrinks in step with the overall 
economy. The maturity phase of a technology may be very short or it 
may last decades (as in the case of automobiles). 

Better technologies are developed. These technologies replace the 
technology in more and more applications. Overall use of the techno- 
logy declines. Senescence may progress very rapidly or it may be pro- 
longed over many decades (as in the case of telegraphy after invention of 
the telephone). 

New applications have ceased. Utilization declines rapidly as older 
applications become obsolete. The companies that made businesses 
from the technology evolve towards new technologies or go out of 
business. 

The technology disappears entirely from common use. Only nostalgia 
buffs, historical reenactors, and other "die hards" continue any use of the 
technology. 
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Figure 6. Rate of Discovery of New Elements. The ten “Prehistoric” elements are those 
elements that are found as relatively pure solids in nature (Gold, Silver, Copper, Lead, Iron, Zinc, 
Tin, Mercury, Carbon, and Sulfur). The “Chemical” elements are those which are reasonably abun- 
dant and which can be isolated by means of chemical reactions. “Physical” elements are those 
which are hard to isolate and/or exist in small amounts. They include the noble gases (do not react 
chemically), the rare earths (present in limited amounts and difficult to separate chemically from 
other rare earths), and the radioactive elements (present in small amounts due to their transient 
existence). The elements at the top end of the graph are the Transuranic elements, all of whom are 
radioactive with relatively short half-lives. They can be made only in nuclear reactors or particle 
accelerators. 




growth is not smooth. It involves frequent but irregular minor inventions and improvements. These 
improvements or inventions can be in the areas of manufacturing processes, materials, or compo- 
nent devices of the larger system. The performance of each new invention or innovation grows 
extremely rapidly during the early days of its development. Often the performance growth comes 
via growth in scale (size, weight, and/or power). Performance growth then slows down as intrinsic 
limits are approached. If the number of inventions or innovations per unit time is relatively large, 



78 




then the average rate of inventions will be roughly constant. In this case, the envelope of the 
performance curves of the sum of all innovations and inventions will approximate an exponential. 
This behavior will continue until the string of inventions slows down and stops. In many cases, the 
inventions cease because research and development investment or investment in new facilities 
becomes prohibitive relative to the payback. 

A broad area of technology is actually made up of many smaller technologies. Consider the 
example of particle accelerators in high-energy physics. The broad class of accelerators encom- 
passes electrostatic accelerators, linear accelerators, cyclotrons, betatrons, and synchrotrons, to 
name just a few. The growth of the overall technology of particle accelerators is the sum of the 
growth of all of the component technologies. Figure 6 shows the growth of maximum effective 
particle energy obtainable from nuclear particle accelerators. Figure 7 is a 1990’s extension [40] 
of a 1960’s era chart [41]. The overall performance is exponential (for most of the century), but the 
exponential growth results not from a single technological development but from a steady stream 
of new accelerator technologies being developed that were successively capable of higher energies. 
At around the time the 1960’s figure was made, the scaling laws associated with synchrotrons 
caused some physicists to believe that the growth would stop when the radius of synchrotrons got 
so large that governments could no longer afford to build newer and bigger machines. Furthermore, 
it was believed that this would come in the not too distant future. Indeed, in late 1993, the Super- 
conducting Super-collider (SSC) proved so costly (an estimated $11.5 billion - more than the cost 
of two aircraft carriers) that Congress refused to continue to fund its construction. This machine 
would have been 17 miles in diameter and would have accelerated protons to 20 TeV energy, still 
well below the top of Figure 7. Currently the highest power available is roughly 1 TeV from the 
Fennilab accelerator. The highest power anticipated from accelerators now under construction will 
be about 7 TeV from the Large Hadron Collider (LHC) at CERN. It is expected to be operational 
by 2005. 

However, by converting older accelerators into more efficient colliding beam storage rings, 
particle physicists have nevertheless managed to continue the exponential growth in effective 
energy. This is also shown in Figure 7. The deviation from exponential growth in the primary 
accelerator technology (synchrotrons) is clearly evident. In the 60’s, 70’s, and 80’s each new 
machine made a smaller leap to higher energies and took longer to build (usually limited by a fixed 
rate of funding). Given the cancellation of the SSC, primary energies have not increased signifi- 
cantly since the mid-1980’s, although they will jump significantly in 2005 as the LHC comes on 
line. There is an intrinsic limit to the growth of effective energy in colliding ring technology that 
is detennined by the maximum energy of the underlying accelerator technology, and that maximum 
energy is determined by magnet strength and accelerator ring diameter. The technology of magnets 
does predict major improvements in field strength. Since country-sized synchrotrons will probably 
never be considered affordable, we can predict a new limit to be reached in the relatively near 
future. As a result, some physicists are turning to cosmic rays to study even higher energy reac- 
tions. Cosmic rays use acceleration processes on stellar distance scales and can produce phenom- 
enally high energies. The use of cosmic rays or some other novel acceleration scheme will allow 
the effective particle energy to continue to grow at what will probably be an exponential rate for a 
few more decades. 
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Figure 7. The growth in effective particle energy of particle accelerators as a function of time. 




Year 



Performance is not the only type of trend that is important. As we shall see, economics 
plays a major role in technology advancement. The average unit cost of a system is also of great 
significance. Figure 8 shows the average unit cost of military fighter aircraft from 1910 to 1982 
based on data from Augustine [42]. The trend is not too surprisingly an exponential. It should be 
noted that the trend has continued to 1999 with the F-22 estimated to cost roughly $200 million 
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dollars each beginning after the turn of the century. The cost doubles every 5 years. Given that 
defense budgets are not increasing, if we pick a number such as $5 billion dollars for annual 
procurement of fighter aircraft. Then before 2020 we would expect the cost of a single aircraft to 
exceed the total aircraft procurement budget. At sometime in the next 20 years, fighter aircraft 
development will begin to stagnate unless some unknown new technology allows costs to be 
reduced by orders of magnitude. 



Figure 8. Growth of the average unit cost of military fighter aircraft. 
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Chapter 7. Methodology for Technology Assessment 



"Prediction is very difficult, especially about the future. ” 

- Niels Bohr 

“A human being should be able to change a diaper, plan an invasion, butcher a hog, conn 
a ship, design a building, write a sonnet, balance accounts, build a wall, set a bone, comfort 
the dying, take orders, give orders, cooperate, act alone, solve equations, analyze a new 
problem, pitch manure, program a computer, cook a tasty meal, fight efficiently, die gal- 
lantly. Specialization is for insects. ” 

- Robert A. Heinlein, Time Enough for Love (1973) 



As mentioned earlier, technology assessment is a methodology that allows the assessor to 
examine a technology such as particle accelerators and make reasonable prediction about the future. 
Basically the methodology has five main stages: 

- Preparation 

- Initiation 

- Analysis 

- Inspiration 

- Assessment 

Each stage has a number of tasks that must be performed. As Bohr’s statement [17] indicates, 
technology assessment (prediction) is not easy, nor always successful. However, if pursued with 
rigor and excellence, then reasonable partial success (more likely correct than incorrect) should be 
obtained. 



PREPARATION - Before you can begin to evaluate technologies you must be properly prepared. 
The technology assessor should have a thorough grounding in the tools and techniques of the 
sciences. The broader the background the better. As suggested by Heinlein in the quote at the 
beginning of this chapter [14], breadth should be everyone’s goal, but especially so for technology 
assessors. However, at a minimum, the assessor must have studied the scientific and mathematical 
bases for the technology to be assessed. The absolute necessity for this will become apparent 
shortly when we discuss limits and how they are overcome. The assessor should also have a solid 
grounding in the basic sciences (physics, chemistry, biology, mathematics, electronics, computers, 
and general (systems) engineering). Such breadth promotes flexibility of thinking - in the course 
of a broad program of study the student will have been forced to look at a number of major prob- 
lems from a several completely different perspectives. Furthermore, the assessor must be a student 
of the history of technology and of technology development. One of the most important tools used 
by assessors is analogy. However, analogy requires familiarity. One cannot make an analogy be- 
tween the process being studied and another process about which he knows nothing. The broader 
his knowledge base, the more likely an assessor will be able to make not only correct analogies, but 
also to find the one analogy that is most illuminating. 
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The author has given the problem of breadth more than passing thought. If he were estab- 
lishing an undergraduate degree program in technology assessment, he would desire the students to 
take the courses listed in Table VI below. Each of the courses listed would be essentially a 4-hour 
per week course taken over a 12-quarter sequence (a standard 4-year program for schools on the 
quarter system). A graduate program in this area would require the same courses, but it is assumed 
that most of the applicants would have undergraduate degrees in science or engineering. This would 
pennit as many as a third of the courses to be validated by prior undergraduate courses. It might be 
possible to complete such a course of graduate study in two years if “summer” quarters are treated 
as regular class periods. Unfortunately for the state of technology assessment, such a curriculum 
as described above does not currently exist, nor is there even a serious proposal to develop one. 
Nevertheless, the background that such a degree would provide should be sufficiently useful to 
technology assessors that the “required courses” might prove a useful guide to those desiring to 
improve their level of proficiency through continuing education or self-study. 

It is indeed possible to gain the equivalent of such a background by adding self-study or 
continuing education courses on top of a solid undergraduate and/or graduate technical education. 
The author (who is not generally described as extraordinary) has essentially done just that in less 
than 25 years of postdoctoral practice. More or less by chance he has taken the equivalent of every 
course listed or has addressed the subject in self-study by reading at least one (and more often 
several) standard textbooks on the subject. Note: the author did not compile Table VI by listing the 
courses he had taken. Rather, the courses were taken or the self-study performed because the author 
discovered that it was necessary to understand the material in the relevant fields in order to do a 
good job of assessing the technologies under his purview. Decisions to undertake the studies were 
made over a period of many years and also involved many other courses and self-study tasks that 
were not deemed particularly relevant to the technology assessment problem. 

Looking at this list, it should also be apparent that preparation includes more than studies 
of science and technology. The potential technology assessor must know something of the eco- 
nomic, political, religious, and psychological forces that shape not only our own culture but also 
other cultures around the world. The potential assessor must also learn how to learn, and cultivate 
a habit of life-long learning, because the world is changing so fast, that almost every fact that was 
cutting edge when he was in school, will be old hat or obsolete decades before he retires. 

The potential technology assessor must understand how technology develops to facilitate the 
discovery of probable limits to growth. A review of past technology developments is perhaps the 
best way to develop this understanding. In the past few decades there have been many books that 
have chronicled technology developments that have changed everyone’s lives or that have described 
for the layman new technologies that threaten to change their lives. In Table VII the author has 
assembled a number of titles that fall in these categories. There primary selection criteria were that 
each title had to be in the author’s personal library and it had to be sufficiently interesting from a 
technology or historical perspective that it was memorable. Clearly, many titles that should be on 
such a list have not been included because their topics were outside the author’s range of interests 
when they were published or because his book-buying budget was overspent at the time. Neverthe- 
less, reading even a few of these titles is preparation the technology assessor will not regret. 
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Table VI. A model educational background for technology assessment. 



Mathematics 



Physics 



Chemistry 



Biology 



Earth Science 



Engineering 



Other Topics 



- Single-variable Calculus 

- Multi-variable Calculus 

- Differential Equations 

- Linear Algebra 

- Probability & Statistics 

- Computer Architecture & Networks 

- Computer Programming 

- Introductory Physics -- Mechanics 

- Introductory Physics — Electricity & Magnetism 

- Introductory Physics — Gravity, Fluid Mechanics, Acoustics 

- Electromagnetic Waves 

- Quantum Principles 

- Modern Optics 

- Nuclear Science 

- Solid State Physics 

- Plasma Science 

- Chemical Bonding & Structure 

- Chemical Reactions 

- Physical Chemistry 

- Organic Chemistry 

- Biochemistry 

- General Biology 

- Cellular Biology and Microbiology 

- Anatomy 

- Physiology 

- Astronomy 

- Geology 

- Meteorology 

- Space Science 

- Properties of Materials 

- Structural Mechanics 

- Electrical Circuits and Devices 

- Linear Systems Theory 

- Systems Engineering 

- Operations Analysis 

- Fundamentals of Scholarship (Research, Creative Writing, etc.) 

- Economics 

- Organizational Principles and Interactions 

- General Psychology 

- Western Civilization 

- Eastern Civilization 

- Modern History 

- History of Technology 

- Science Fiction and Creative Thinking 

- Geography 

- Comparative Religion 

- Political Science 

- Military Science 
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Table VII. A beginning reading list on technology development for technology assessors. 



David C. Aronstein & Albert C. Piccirillo, HAVE BLUE and the F-1 1 7A: Evolution of the "Stealth Fighter" (Am. Inst. Of 
Aeronautics & Astronautics, Reston VA, 1 997) 

Norman R. Augustine, Augustine's Laws (Viking Press, New York, 1983) 

Ralph B. Baldwin, The Deadly Fuze: Secret Weapon of World War II (Presidio Press, Novato CA, 1980) 

Charles G. Beaudette, Excess Heat: Why Cold Fusion Research Prevailed (Oak Grove Press, South Bristol ME, 2000) 
R. A. Belyakov & J. Marmain, MiG: Fifty Years of Secret Aircraft Design (Naval Institute Press, Annapolis, 1994) 
Arthur Bloch, Murphy's Law and Other Reasons Why Things Go Wrong! (Price, Stern, Sloan, Los Angeles, 1987) 
Joseph Borkin, The Crime and Punishment of I. G. Farben (Free Press, New York, 1978) 

Ernest Braun & Stuart Macdonald, Revolution in Miniature: The History and Impact of Semiconductor Elec- 
tronics 2 nd Ed. (Cambridge University Press, Cambridge UK, 1982) 

William J. Broad, Star Warriors (Simon & Schuster, New York NY, 1985) 

Robert V. Bruce, The Launching of Modern American Science (Alfred A. Knopf, New York, 1 987) 

Robert Buderi, The Invention That Changed the World: How a Small Group of Radar Pioneers Won the Sec- 
ond World War and Launched a Technological Revolution (Simon & Schuster, New York, 1 996) 

Rodney P. Carlisle with Joan M. Zenzen, Supplying the Nuclear Arsenal (Johns Hopkins U. Press, Baltimore, 1996) 

, Where the Fleet Begins: A History of the David Taylor Research Center (Naval Historical Center, 

Washington DC, 1998) 

John L. Casti, Searching for Certainty: What Scientists Can Know About the Future (William Morrow, New York, 
1 990) 

DeWitt S. Copp, A Few Great Captains: The Men and Events that Shaped the Development of U. S. Airpower 
(Doubleday, Garden City NY, 1980) 

Derek J. de Solla Price, Little Science, Big Science (Columbia University Press, New York, 1963) 

K. Eric Drexler, Engines of Creation: The Coming Era of Nanotechnology Doubledgy, New York, 1986) 

Robert W. Duffner, Airborne Laser: Bullets of Light (Plenum Press, New York, 1997) 

William S. Dutton, DuPont: One Hundred and Forty Years (Charles Scribner's Sons, New York, 1942) 

Kitty Ferguson, Stephen Hawking: Quest for a Theory of Everything (Bantgm Book, New York, 1991) 

David E. Fisher, A Race on the Edge of Time: Radar -The Decisive Weapon of WWII (McGraw-Hill, New York, 1988) 
Neil Gershenfeld, When Things Start to Think (Henry Holt, New York, 1999) 

James Gleick, Chaos: The Making of a New Science (Viking Press, New York, 1 988) 
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Table VII. A beginning reading list on technology development for technology assessors 

(cont.) 

John Golley, Genesis of the Jet: Frank Whittle and the Invention of the Jet Engine (Airlife, Shrewsbury UK, 1996) 
Chuck Hansen, U. S. Nuclear Weapons: The Secret History (Orion Books, New York, 1988) 

Dirk Hanson, The New Alchemists: Silicon Valley & the Microelectronics Revolution (Little Brown, Boston, 1982) 

J. L. Heilbron & Robert W. Seidel, Lawrence & His Laboratory, Vol. 1 (U. of California Press, Berkeley CA, 1 989) 
Homer H. Hickam, Jr., Rocket Boys (Delacorte Press, New York, 1 998) 

Lillian Hoddeson, Paul Henriksen, Roger Meade, & Catherine Westfall, Critical Assembly: A Technical History 
of Los Alamos during the Oppenheimer Years (Cambridge University Press, Cambridge UK, 1993) 

John Horgan, The End of Science (Bantam Doubleday Dell, New York, 1 996) 

Darrell Huff, How to Lie With Statistics (W. W. Norton, New York, 1954) 

Aaron J. Ihde, The Development of Modern Chemistry (Harper & Row, New York, 1 964) 

Douglas J. Ingells, The McDonnell Douglas Story (Aero Publishers, Fallbrook CA, 1979) 

R. V. Jones, The Wizard War (Coward, McCann, & Geoghegan, 1978) 

David Kahn, The Codebreakers (Macmillan, New York, 1 967) 

Daniel J. Kevles, The Physicists: The History of a Scientific Community in Modern America (Alfred A. Knopf, New York, 
1 977) ’ ' ' " 

Tracy Kidder, The Soul of a New Machine (Little, Brown, Boston, 1 981 ) 

Lawrence M. Krauss, The Physics of Star Trek (Harper Collins, New York, 1995) 

William Lowther, Arms And the Man: Dr. Gerald Bull, Iraq, & the Superqun (Presidio Press, Novato CA, 1991) 
Niccolo Machiavelli, The Prince (Heritage Press, Norwalk CT, 1955) 

Donald Mackenzie, Inventing Accuracy: A Historical Sociology of Nuclear Missile Guidance (MIT Press, Cambridge 
MA, 1990) 

William Manchester, The Arms of Kruppl 587-1 968 (Little, Brown, Boston, 1968) 

Gerard J. Milburn, The Feynman Processor (Perseus Books, Reading MA, 1998) 

Jay Miller, The X-Planes: X-1 to X-31 (Orion Books, New York, 1 988) 

Mark Monmonier, How to Lie With Maps (U. of Chicago Press, Chicago, 1991) 

Michael Parfit, The Boys Behind the Bomb (Little, Brown, Boston, 1983) 

C. Northcote Parkinson, Parkinson's Law (Random House, New York, 1957) 

Curtis Peebles, The Corona Project: America's First Spy Satellites (Naval Institute Press, Annapolis MD, 1997) 
Laurence J. Peter and Raymond Hull, The Peter Principle (William Morrow, New York, 1969) 
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Table VII. Preparatory reading list on technology development for technology assessors (cont.) 



Henry Petroski, To Engineer is Human: The Role of Failure in Successful Design (St. Martin's, New York, 1 985) 
Alfred Price, Instruments of Darkness (Charles Scribner's Sons, New York, 1 977) 

, The History of U. S. Electronic Warfare, Vol. 1 (Association of Old Crows, Alexandria VA, 1984) 

- , The History of U. S. Electronic Warfare, Vol. 2 (Association of Old Crows, Alexandria VA, 1989) 

John B. Rae, The American Automobile: A Brief History (U. of Chicago Press, Chicago, 1965) 

T. R. Reid, The Chip: How Two Americans Invented the Microchip and Launched a Revolution (Simon & Schuster, 
New York, 1 984) * 

Richard Rhodes, Dark Sun: The Making of the Hydrogen Bomb (Simon & Schuster, New York, 1995) 

--- , The Making of the Atomic Bomb (Simon & Schuster, New York, 1 986) 

- , Visions of Technology (Simon & Schuster, New York, 1999) 

Ben Rich and Leo Janos, Skunk Works (Little, Brown, Boston, 1994) 

Michael S. Sanders, The Yard: Building a Destroyer at the Bath Iron Works (Harper Collins, New York 1999) 
Robert Serber, The Los Alamos Primer (U. of California Press, Berkeley CA, 1992) 

Alan Shepard & Deke Slayton, Moon Shot: The Inside Story of America's Race to the Moon (Turner Publishing, Atlanta 
GA, 1 994) "" ' " 

Henry D. Smyth, Atomic Energy for Military Purposes (Princeton University Press, Princeton NJ, 1945) 

Robert Sobel, IBM: Colossus in Transition (Times Books, New York, 1981) 

, ITT: The Management of Opportunity (Times Books, New York, 1 982) 

Franklin C. Spinney, Defense Facts of Life: The Plans/Reality Mismatch (Westview Press, Boulder CO, 1985) 

Edward J. Tufte, The Visual Display of Quantitative Information (Graphics Press, Cheshire CT, 1983) 

---, Envisioning Information (Graphics Press, Cheshire CT, 1990) 

Sun Tzu, The Art of War Translated by Samuel B. Griffith (Oxford University Press, Oxford UK, 1 963) 

M. Mitchell Waldrop, Complexity: The Emerging Science at the Edge of Order and Chaos (Simon & Schuster, New 
York, 1992) ' ' ’ 

James D. Watson, The Double Helix (Atheneum, New York, 1 968) 

Steven Weinberg, Dreams of a Final Theory (Pantheon Books, New York, 1992) 

Peter C. Wensberg, Land's Polaroid (Houghton Mifflin, Boston, 1987) 

Ron Westrum, Sidewinder: Creative Missile Development at China Lake (Naval Institute Press, Annapolis MD, 1 999) 




The potential assessor should also be or become a serious reader of science fiction. Not 
only does science fiction provide visions of possible futures, it forces the critical reader to tempo- 
rarily accept new concepts and belief structures and to logically examine potential outcomes of 
those concepts and beliefs. This exercising of the imagination simultaneously with logic, is the best 
preparation for “What if?” activities. In the chapter on erroneous predictions we saw clearly that 
limited imagination was one of the commonest failings. According to Arthur Clarke, 

“With few exceptions, scientists seem to make rather poor prophets; this is rather surpris- 
ing, for imagination is one of the first requirements of a good scientist. Yet, time and again, 
distinguished astronomers and physicists have made utter fools of themselves by declaring 
publicly that such-and-such a project was impossible. The great problem, it seems, is 
finding a single person who combines sound scientific knowledge - or at the feel for science 

- with a really flexible imagination. Verne qualified perfectly, and so did Wells. ” 

“Having evoked the great shades of Verne and Wells, I would not go so far as to claim that 
only readers or writers of science fiction are really competent to discuss the possibilities of 
the future. ... Over the last thirty years, tens of thousands of stories have explored all the 
conceivable and most of the inconceivable, possibilities of the future; there are few things 
that can happen that have not been described somewhere, in books or magazines. A critical 

- the adjective is importan t - reading of science fiction is essen tial training for anyone 
wishing to look more than ten years ahead. The facts of the future can hardly be imagined 
ab initio by those who are unfamiliar with the fantasies of the past. ... I do not for a 
moment suggest that more than 1 percent of science fiction readers would be reliable 
prophets; but I do suggest that almost 100 percent of reliable prophets will be science 
fiction readers - or writers. ” 

- Arthur C. Clarke, Profiles of the Future (1972) 

There are many good science fiction books from which to choose. There is no universally 
accepted list (comparable to the “Harvard Classics”) of the best or most influential science fiction. 
However, James W. Harris [43] has perfonned an analytical review of a number of “all-time great” 
lists of science fiction books and created a list of 162 “classics”. Although the author has not read 
every book (just a little under 50%) on Harris’ list, those he has read clearly belong on the list. 
Every work is significant, because at a minimum, they were chosen as best on at least 3 of 13 
different lists of “all-time greats”. The author is as serious about the importance of reading science 
fiction as is Clarke. Thus, Harris’ list (author, title, and year) is reproduced in Table VIII below. 
The list is in inverse rank by the number of selections for prior lists and by inverse chronological 
order. The number of selections to prior lists is given in the last column. Because this is a list of 
“classics” and classics must withstand the test of time, very few books published in the 1980’s and 
1990’s have made this list. The diligent science fiction reader should not neglect more modern 
works in favor of the classics. The more modern works often address topics of more direct rele- 
vance to modern society, e.g., the role that cyberspace will play in our future. On the other hand, 
many of the classics are still relevant, and are of proven enjoyability (most of the lists used in its 
compilations were lists voted on by “sci-fi fans”) and are thus a good way to cultivate a science fic- 
tion reading habit. 
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Table VIII. A list of “classic” science fiction books that fonn part of 
a reading list for potential technology assessors. 



Theodore Sturgeon 


More Than Human 


(1953) 


Arthur C. Clarke 


Childhood's End 


(1953) 


Alfred Bester 


The Demolished Man 


(1953) 


Isaac Asimov 


The Foundation Triloav 


(1951) 


Ray Bradbury 


The Martian Chronicles 


(1950) 


H. G. Wells 


The War of the Worlds 


(1898) 


Frank Herbert 


Dune 


(1965) 


Walter M. Miller 


A Canticle for Leibowitz 


(1960) 


Hal Clement 


A Mission of Gravity 


(1954) 


H. G. Wells 


The Time Machine 


(1895) 


Ursula K. LeGuin 


The Left Hand of Darkness 


(1969) 


John Brunner 


Stand on Zanzibar 


(1968) 


Arthur C. Clarke 


The City and the Stars 


(1956) 


F. Pohl & C. Kornbluth 


The Space Merchants 


(1953) 


Clifford D. Simak 


City 


(1952) 


Philip Jose Farmer 


To Your Scattered Bodies Go 


(1971) 


Alfred Bester 


The Stars Mv Destination 


(1957) 


Ray Bradbury 


Fahrenheit 451 


(1953) 


George Orwell 


1984 


(1949) 


A. E.. Van Vogt 


The World of Null-A 


(1948) 


Aldous Huxley 


Brave New World 


(1932) 


Ursula K. LeGuin 


The Dispossessed 


(1974) 


Clifford D. Simak 


Way Station 


(1963) 


Philip K. Dick 


The Man in the Hiah Castle 


(1962) 


Robert A. Heinlein 


Stranaer in A Stranae Land 


(1961) 


A. E. Van Vogt 


Sian 


(1946) 


Healy & McComas 


Adventures in Space and Time 


(1946) 


L. Sprague De Camp 


Lest Darkness Fall 


(1941) 


Robert Silverberg 


Dyina Inside 


(1972) 


Larry Niven 


Rinaworld 


(1970) 


Robert A. Heinlein 


The Past Throuah Tomorrow 


(1967) 


Brian Aldiss 


The Lonq Afternoon of Earth (Hothouse) 


(1962) 


Jack Williamson 


The Humanoids 


(1949) 


Gregory Benford 


Timescape 


(1980) 


Frederick Pohl 


Gateway 


(1977) 


Joe Haldeman 


The Forever War 


(1975) 


Arthur C. Clarke 


Rendezvous with Rama 


(1973) 


Thomas Disch 


Camp Concentration 


(1968) 


Roger Zelazny 


Lord of Liaht 


(1967) 


Robert A. Heinlein 


Starship Troopers 


(1959) 


James Blish 


A Case of Conscience 


(1958) 


Isaac Asimov 


The Caves of Steel 


(1954) 


Isaac Asimov 


1, Robot 


(1950) 


George R. Stewart 


Earth Abides 


(1949) 


Olaf Stapledon 


Last and First Men 


(1930) 


Edgar Rice Burroughs 


A Princess of Mars 


(1917) 


William Gibson 


Neuromancer 


(1984) 


Gene Wolfe 


The Book of the New Sun 


(1980) 


Poul Anderson 


Tau Zero 


(1979) 


Daniel Keyes 


Flowers for Alqernon 


(1966) 


Robert A. Heinlein 


Moon is a Harsh Mistress 


(1966) 


J. G. Ballard 


The Crystal World 


(1966) 



12 

12 

12 

12 

12 

12 
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11 

11 
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10 

10 

10 
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Table VIII. A list of “classic” science fiction books that fonn part of 
a reading list for potential technology assessors (continued). 



Edgar Pangborn 


Davy 


(1964) 


Anthony Burgess 


A Clockwork Oranae 


(1962) 


Kurt Vonnegut 


The Sirens of Titan 


(1959) 


Robert A. Heinlein 


Double Star 


(1956) 


John Wyndham 


The Dav of the Triffids 


(1951) 


John W. Campbell 


Who Goes There? 


(1948) 


Yevgeny Zamiatin 


We 


(1924) 


David Brin 


Startide Risina 


(1983) 


C. J. Cherryh 


Downbelow Station 


(1981) 


Joanna Russ 


The Female Man 


(1975) 


Henry Kuttner 


The Best of Henry Kuttner 


(1975) 


Samuel R. Delany 


Dhalqren 


(1975) 


L. Niven & J. Pournelle 


The Mote in God's Eve 


(1974) 


Isaac Asimov 


Before the Golden Aae 


(1974) 


Barry N. Malzberg 


Beyond Apollo 


(1972) 


Kurt Vonnegut 


Slauahterhouse Five 


(1969) 


Norman Spinrad 


Bua Jack Barron 


(1969) 


Philip K. Dick 


Ubik 


(1969) 


Keith Roberts 


Pavane 


(1968) 


Alexei Panshin 


Rite of Passaae 


(1968) 


Philip K. Dick 


Do Androids Dream of Electric Sheep? 


(1968) 


Samuel R. Delany 


Nova 


(1968) 


Algis Budrys 


Roque Moon 


(1960) 


J. R. R. Tolkein 


The Lord of the Rinas 


(1956) 


Leigh Brackett 


The Lona Tomorrow 


(1955) 


Edgar Pangborn 


A Mirror for Observers 


(1954) 


E. E. "Doc" Smith 


Gray Lensman 


(1951) 


Ray Bradbury 


The Illustrated Man 


(1951) 


Jack Vance 


The Dvina Earth 


(1950) 


E. E. "Doc" Smith 


The Skylark of Space 


(1946) 


Groff Conklin 


The Best of Science Fiction 


(1946) 


Olaf Stapledon 


Star Maker 


(1937) 


Olaf Stapledon 


Odd John 


(1935) 


H. G. Wells 


Seven Famous Novels 


(1934) 


S. Fowler Wright 


The World Below 


(1930) 


H. G. Wells 


The Short Stories of H. G. Wells 


(1927) 


Ray Cummings 


The Girl in the Golden Atom 


(1922) 


David Lindsay 


A Vovaqe to Arcturus 


(1920) 


Karel Capek 


R. U. R. 


(1920) 


A. Merritt 


The Moon Pool 


(1919) 


J. D. Beresford 


The Hampdenshire Wonder 


(1911) 


Vernor Vinge 


A Fire Upon the Deep 


(1992) 


Dan Simmons 


Hyperion 


(1989) 


Geoff Ryman 


The Child Garden 


(1989) 


C. J. Cherryh 


Cyteen 


(1988) 


Orson Scott Card 


Ender's Game 


(1986) 


Bruce Sterling 


Schismatrix 


(1985) 


Norman Spinrad 


The Void Captain's Tale 


(1983) 


Michael Bishop 


No Enemy But Time 


(1982) 


Philip Jose Farmer 


The Unreasonina Mask 


(1981) 


Gene Wolfe 


The Island of Dr. Death & Other Stories 


(1980) 


John Crowley 


Enaine Summer 


(1979) 


Ian Watson 


Miracle Visitors 


(1978) 


John Varley 


The Persistence of Vision 


(1978) 
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4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 
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Table VIII. A list of “classic” science fiction books that fonn part of 
a reading list for potential technology assessors (continued). 



Frederick Pohl 
Marge Piercey 
C. M. Kornbluth 
Cordwainer Smith 
C. L. Moore 
Jack London 
Harlan Ellison 
Ian Watson 
Ben Bova 
Gene Wolfe 
A. & B. Strugatskii 
Thomas Disch 
Isaac Asimov 
Roger Zelazny 
Robert Silverberg 
Samuel R. Delany 
Robert Silverberg 
Robert Silverberg 
Stanislaw Lem 
Larry Niven 
Harlan Ellison 
Roger Zelazny 
Roger Zelazny 
Harry Harrison 
Samuel R. Delany 
Roger Zelazny 
Philip K. Dick 
Fritz Leiber 
J. G. Ballard 
Philip Jose Farmer 
Harry Harrison 
Poul Anderson 
Robert A. Heinlein 
John Wyndham 
Robert A. Heinlein 
Frank Herbert 
John Wyndham 
William Tenn 
James Blish 
Theodore Sturgeon 
Ward Moore 
Kurt Vonnegut 
John W. Campbell 
Robert A. Heinlein 
Robert A. Heinlein 
Eric Frank Russell 

L. Ron Hubbard 
Robert A. Heinlein 
E. V. Odle 

Arthur Conan Doyle 

M. P. Shiel 
Edward Bellamy 
H. Rider Haggard 
Jules Verne 
Mary W. Shelley 



Man Plus (1976) 

Woman on the Edge of Time (1976) 

The Best of C. M. Kornbluth (1976) 

Norstrilia (1975) 

The Best of C. L. Moore (1975) 

The Science Fiction of Jack London (1975) 

Deathbird Stories (1975) 

The Embedding (1973) 

Science Fiction Hall of Fame (1973) 

The Fifth Head of Cerberus (1972) 

Roadside Picnic (1972) 

334 (1972) 

The Gods Themselves (1972) 

The Doors of His Face, The Lamps of His Mouth (1971) 
A Time of Changes (1971) 

Driftqlass (1971) 

Science Fiction Hall of Fame Vol. I (1970) 

Downward to the Earth (1970) 

Solaris (1970) 

Neutron Star (1968) 

Dangerous Visions (1967) 

This Immortal (1966) 

The Dream Master (1966) 

Make Room! Make Room! (1966) 

Babel-17 (1966) 

Four for Tomorrow (1965) 

The Three Stigmata of Palmer Eldritch (1965) 

The Wanderer (1964) 

The Drowned World (1962) 

The Lovers (1961) 

Deathworld (I960) 

The High Crusade (I960) 

Have Space Suit - Will Travel (1958) 

The Midwich Cuckoos (1957) 

The Door into Summer (1957) 

The Dragon in the Sea/Under Pressure (1956) 

Re-Birth/The Chrysalids (1955) 

Of All Possible Worlds (1955) 

Cities in Flight (1955) 

E Pluribus Unicorn (1953) 

Bring the Jubilee (1953) 

Player Piano (1952) 

Astounding Science Fiction Anthology (1952) 

The Puppet Masters (1951) 

The Man Who Sold the Moon (1950) 

Sinister Barrier (1948) 

Final Blackout (1948) 

Beyond This Horizon (1948) 

The Clockwork Man (1923) 

The Lost World (1912) 

The Purple Cloud (1901) 

Looking Backward (1888) 

She (1886) 

20,000 Leagues Under the Sea (1870) 

Frankenstein (1818) 
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Since the present work is primarily aimed at assessment of military technology, preparation 
should also include military studies. Professional military education is part of this aspect of 
preparation. Understanding of Clausewitz and Sun Tzu, knowledge of past battles, brilliant strata- 
gems, and classic blunders are part of the job. Each of the armed services has stated that regular 
reading is an important part of any soldier’s job. The Chairman of the Joint Chiefs of Staff, the Air 
Force Chief of Staff, the Chief of Naval Operations, and the Commandant of the Marine Corps have 
each published their own lists of books that they expect their subordinates (officers and enlisted, 
and in some cases, civilian employees as well) to read. The major service schools (Air University, 
War College, Armed Forces Staff College, etc.) all have their own recommended reading lists. We 
cannot list every book on every list here, although every one is probably worth the time spent on its 
reading. In Table IX we have, however, given a list of World-Wide Web sites that the reader can 
access to view specific reading lists. The author suspects that there are other such lists of which he 
is unaware. 



Table IX. Internet li nk s to a number of professional reading lists 
published by military commanders and command schools. 



Chairman of the Joint Chiefs of Staff 

http://www.dtic.mil/mil-ed/tables/read list.html 
Chief of Staff of the U. S. Air Force 

http://www.af.mil/lib/csafbook/backqround.html 
Chief of Naval Operations 

http://www.cnet.navy.mil/cnet/nlpq/pdf/readinq list.pdf 
Master Chief Petty Officer of the U. S. Navy 

http://www.chinfo.navy.mil/navpalib/mcpon/readqide.html 
Commandant of the U. S. Marine Corps 

http://www.usmc.mil/cmcalmars.nsf/homepaqe + almars?openview&Count=3000 
U. S. Army Acquisition Corps 

http://dacm.sarda.army.mil/news/Readinq%20List.html 
Air University 

http://www.au.af.mil/au/awc/pamphlt4.htm 
U. S. Army War College 

http://carlisle-www.army.mil/library/bibs/98list.htm 
http://carlisle-www.army.mil/library/bibs/smrl99.htm 
Commandant of the Armed Forces Staff College 
http://www.afsc.edu/cprlist/indexlist.htm 
U. S. Army Combat Studies Institute (Command & General Staff College) 
http://www-cqsc.army.mil/csi/pubs/preface.htm 
U. S. Army Corps of Engineers 

http://www.wood.army.mil/DTLE/prlist1 .htm 
Knox Library - Naval Postgraduate School (links to all of the above sites) 
http://web.nps.navy.mil/~library/bibs/pmeweb.htm 



However, just as the assessor needs to go beyond science and study science fiction, the 
assessor should go beyond military history and theory and read military fiction as well. By military 
fiction, the author is referring to works that portray military campaigns in future societies or against 
potential future adversaries, as well as works that imagine alternative outcomes to historical battles 
or campaigns. Some such books are to be found on the reading lists mentioned above. However, 
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many are not, probably for fear of making the list seem too “unprofessional”. Tom Clancy, Harold 
Coyle, Dale Brown, Richard Hermann, David Poyer, Larry Bond, Stephen Coonts, Larry Hagberg, 
Stephen Henrick, P. T. Deutermann, Patrick Robinson, Michael DiMercurio, Keith Douglass, Ralph 
Peters, and Ian Slater are just a few of the more well-known writers of this genre. Many are retired 
military officers and write from personal experience. The noted science fiction writers Robert 
Heinlein (a U. S. Naval Academy graduate who received a medical discharge after several years 
active duty) and Jerry Poumelle (a regular columnist on computer technology and co-author of The 
Strategy of Technology . [44] a text used not only at the service academies but the war colleges as 
well) serve double duty. Many of their “science fiction” stories are excellent military fiction as 
well. As a personal aside, this author thinks that Heinlein’ s Starship Troopers may be the best book 
about the military and its relation to society that has ever been written, despite its science fiction 
setting. Just as science fiction helps to increase flexibility in the reader’s technological imagination, 
military fiction can increase flexibility in the reader’s military operational imagination. Visualizing 
the application of a technology is as important as visualizing the technology itself. 

The author has recommended at least four different types of reading as preparation. He 
further recommends that all four be pursued in roughly equal amounts. A benchmark of an ade- 
quate level of reading is to read an average of one book of moderate length (roughly 300 pages) per 
week. Lengthy books, such as War and Peace or any of Tom Clancy’s latest novels, can legiti- 
mately be read over two to three weeks. Many people, especially students, might object that one 
book per week is too much. However, a moderate length book can be completely read in the span 
of a round-trip airline flight across the country. It can be read cover-to-cover during a late weekend 
evening (instead of watching sitcoms on television). Some books (especially popular novels) are 
available in audio versions and can be “read” during the course of a week’s commute to and from 
work. Virtually every one of the “best and brightest” individuals the author has ever known, has 
been able to accomplish this average level of reading( and more than a few individuals have double 
or triple this rate). This includes junior naval officers on sea duty, engineers in industry assigned 
to work on short-turnaround, competition-critical technical proposals, and faculty members with 
full teaching loads who were also in the midst of writing their own books. Furthermore, reading has 
become a habit if not an addiction with these individuals. They feel deprived if they are forced to 
spend an extended period of time without reading something. 

The pursuit of excellence demands a certain amount of “effort”. The author has intention- 
ally not used the word “sacrifice” instead of “effort”, because learning is never a sacrifice, no matter 
what you put off doing in the process. Preparation is a continuing process and it is a lifelong 
endeavor. In practice, a good assessor should only temporarily interrupt his preparation when he 
is actually accomplishing the remaining four stages of the process. Even then, a true scholar can 
find ways to learn from any situation. 



INITIATION - After general preparation, the assessor needs to accomplish more specific prep- 
arations. The technology area to be assessed needs to be identified. This puts bounds on the prob- 
lem. This cannot be intelligently accomplished without a detailed study of the technology area to 
be assessed. Detailed understanding of the technology will make the boundaries with other technol- 
ogies clearer and help refine the problem. A thorough study of the history of the technology is also 
essential. It is from this background data that trends - a critical piece of the analysis phase - will 
be identified. 
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The initiation phase is a good place to talk to outside experts. The experts will be excellent 
sources of reference material for background study. In one-on-one, not-for-attribution situations 
they are usually willing to make predictions in the areas of interest. However, bear in mind, that the 
experts may not be the best predictors, as evidenced in the earlier chapter on erroneous predictions. 
Heinlein has hit upon one of the reasons. [14] 

“ Expertise in one field does not cany over into other fields. But experts often think so. The 

narrower their field of knowledge the more likely they are to think so. ” 

- Robert A. Heinlein, Time Enough for Love (1973) 

Heinlein’s observation has a certain amount of validity, but is not entirely correct either. Experts 
usually like being recognized as experts. The broader the areas in which they demonstrate a 
willingness to contribute that expertise, the more often they will be asked to act as experts. Further- 
more, expertise might be defined as a mixture of facility with broadly applicable tools (mathemat- 
ics, physics, chemistry, etc.), familiarity with specific domain knowledge (the facts applicable to the 
technology under study), common sense, and bitter experience. An expert in one area can often 
transfer his knowledge of tools and common sense to a new area. If he can acquire the domain 
knowledge through further study, then he lacks only bitter experience in the new area to prevent 
him from being an “expert” there. One might also question the value of bitter experience in a 
particular field. Although experience tends to add judgement to knowledge, it can also enhance 
rigidity of thought. Just because an expert is supposedly outside the realm of his expertise, does not 
mean that he cannot function effectively as an expert, if he is properly prepared. 

With respect to any specific technology, experts come in three basic types: proponents, 
critics, and disinterested third parties. Proponents tend to be optimistic with respect to “their” 
technology. The have a vision of a path to success. It has been remarked that technologists that 
have a vision of how to proceed forward, tend to be optimistic (if not overly optimistic) about suc- 
cess. At the same time, technologists that do not have a vision or concept of how to proceed tend 
to be pessimistic, and are often critics. [64] When proponents consider the timetable for develop- 
ment of a product based on this technology they are success-oriented. Critics on the other hand tend 
to be pessimistic (and usually overly pessimistic) with respect to schedules and timetables. Reality 
is usually intermediate the two positions, but often favors the optimist. 

Consider a typical military product. If there are no technological or societal limits to be 
overcome (see the immediately following chapter on “Analysis” for a discussion of limits), the 
product might be designed, assembled, integrated, tested, and evaluated in as little as five years. 
Assume, however, that there are five minor technological limits to be overcome. Each might be 
overcome with as little as two years of effort. The success-oriented proponent will assume that 
either the limits do not really exist, or that they can be identified in time to be overcome (via 
parallel efforts) without impacting the overall schedule. The proponent will estimate a total 
development time of 5 years. On the other hand, the pessimistic critic will almost certainly assume 
that each limit will stop development until it is overcome, and that each limit is not identified until 
the previous limit is overcome. He may also assume that there will be more than 5 limits. Thus, the 
critic will estimate a total development time of 15 years or longer. Real world programs invariably 
have limits that must be overcome. Many can be solved in parallel with the basic development 
process; some cannot. Technologies seldom develop at the rate that proponents believe they will. 
At the same time, they often develop more quickly than the critics would have you believe. If a 
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disinterested third party expert can be convinced to perform a thorough assessment, his timeline 
will likely be between the proponent’s and the critic’s predictions, and probably more realistic. 

Besides proponent/critic biases, experts will almost always have vested interests and they 
may well have ulterior motives. Ulterior motives may include increased funding for their own work 
or decreased funding for a competitor. The expert may have a favored political or social agenda 
that may be advanced if technological decisions have specific outcomes. One Nobel laureate 
reputedly admitted in private that he would use his prestige to lobby for a specific outcome in a 
government scientific debate, and would be willing to lie to anyone about the consequences of 
certain scientific decisions, because he was convinced that he knew better than anyone else what 
decisions needed to be made. He would not let the truth adversely influence the decision he wanted 
to obtain. [64] Experts are also not immune to emotional biases. Sour grapes and “not invented 
here” often color the reviews that technologists give about the technical developments of others. 
In addition, some experts may also possess an overly narrow perspective. They may make their 
remarks about a technology, assuming a tight set of constraints about the technology. Such remarks 
are seldom useful in technology assessment, because the real world is seldom as constrained as the 
experts envision. Other experts may tend to speculate about things that are beyond their compe- 
tence. All of these things do not disqualify experts from contributing, indeed, there are few technol- 
ogists without sin in one or more of these areas. However, the assessors must attempt to uncover 
anything about the expert that might bias his predictions and weigh the prediction accordingly. 

One might convene a blue ribbon panel of experts. All comments about single experts apply 
to panels of experts. In addition, panels have the following attributes. The prestige of such a panel 
might invite participation from more experts than one-on-one discussions. However, they have two 
disadvantages that should be considered. First, experts do not always agree and such panels 
occasionally become acrimonious and unproductive. Second, experts may not always voice their 
true feelings when forced to make predictions in front of their peers. Fear of ridicule may lead to 
conservative opinions. In addition, if the expert has any corporate interest in the technology of 
concern, he may consider some of his wilder thoughts as proprietary information and be unwilling 
to discuss them in an open forum. He may feel that attributed disclosure will give competitors an 
edge in knowing the directions of his company’s research. Attempts to avoid attribution effects 
have led to the use of the Delphi technique. 

In the Delphi technique, a panel of experts is anonymously polled by use of questionnaires. 
The anonymous responses tend to be less inhibited and more indicative of each panelist’s true 
convictions. A moderator analyzes the questionnaire results and casts them in a statistical fonnat 
wherever possible. In this way, the average opinion, the range of opinions contained within one 
standard deviation, and the extreme opinions are immediately obvious. The results are anony- 
mously fed back to the panelists. The feedback may cause a panelist to consider factors that he had 
heretofore neglected and thereby alter his opinion in the next round. The moderator phrases new 
questions to try to elucidate reasons and rationales behind the predictions and to see if slight 
rephrasing of the original questions will elicit different responses. This process of anonymous 
polling and feedback is continued through multiple cycles with the same panelists until a consensus 
is be reached or opinions cease to change. Although the results of Delphi studies will not necessar- 
ily take exactly the same considerations into account as the trend-based analysis described later, it 
will provide considerable material for thought and raise questions that should be addressed during 
the remainder of the assessment process. Farger panels will produce more useful material. 
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Regardless of how one employs experts, the assessment team should attempt to elicit the 
following information: (the assessor’s rationale for asking each question is highlighted following 
each question) 

- What technological developments does the expert think will occur in the future time frame 

under consideration and in what order are they likely to occur? 

Part 1 of why you are asking the expert’s opinion. 

- What trends, evidence, or other reasons (including instinct, intuition, or “gut feel”) does 

the expert have to support his belief in the accuracy of this prediction? 

Is this a well-studied opinion or merely a guess? 

- What technology developments does the expert think will not occur in the future time 

frame under consideration? 

Part 2 of why you are asking the expert’s opinion. 

- What trends, evidence, or other reasons (including instinct, intuition, or “gut feel”) does 

the expert have to support his belief in the lack of occurrence of these items? 

Is this a well-studied opinion or merely a guess? 

- What societal, economic, and/or political changes has the expert assumed will occur in the 

future time frame under consideration? 

Part 3a of why you are asking the expert’s opinion. Necessary to determine 
boundary conditions on the expert’s answers. 

- Relative to the technology developments described, when are these changes likely to 

occur? 

Part 3b of why you are asking the expert’s opinion. Necessary to determine 
which technology developments are affected by which boundary conditions 

- What trends, evidence, or other reasons (including instinct, intuition, or “gut feel”) does 

the expert have to support his belief in the occurrence of these non-technological 
changes? 

Is this a well-studied opinion or merely a guess? 

- Is the expert from the industrial, academic, governmental, or military community? Has he 

always been from that community and does he expect to stay in that community 
during the future time frame under consideration? 

What “business” culture might have affected his perspectives? Is he dissatis- 
fied with his current role? 

- What specific training or background does the expert have in each of the areas in which he 

has made predictions? 

In which fields does the expert have genuine credentials (they may be broader 
or narrower than suspected)? Does the expert recognize lack of expertise in 
any area of prediction? 

- What role or relationship (business as well as technical) has the expert played in the prior 

development of any of the technologies for which he has made predictions (positive 
or negative) or any technologies related to those for which he has made predictions? 

Does the expert have any historical “vested interests” in the fields in which he 
has made predictions? 

- What role or relationship (business as well as technical) does the expert envision himself 

playing in the future development of any of the technologies for which he has made 
predictions (positive or negative)? 

Does the expert have any plans (real or imagined) to establish “vested inter- 
ests” in the future of the developments about which he has commented? 
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- Which if any of the technology predictions (positive or negative) conflict with or strongly 

support the expert’s religious beliefs, political ideology, or cultural traditions? 

To what extent might these “biases” affect the expert’s predictions? 

- If the expert were free from prior commitments and shackles related to the past (lack of 

academic credentials in a field, for example), which of the fields in which the expert 
predicted technology advancements would that expert like to be associated with and 
why? 

Does the expert truly believe any of his predictions enough to change his career 
if it were practical? 

- From what other experts should the technology assessor request information and why the 

expert is recommending them? Are they friends, associates, acquaintances, rivals or 
enemies? 

Referrals are good ways to gain additional opinions. Referrals from this 
question that yield differing results imply a degree of objectivity on the part of 
the expert that suggests fewer biases or vested interests may be present. Also 
it helps to know what cliques or “old boy” networks the expert is part of. 

- From what other experts should the technology assessor not request information and why 

the expert is not recommending them? Are they friends, associates, acquaintances, 
rivals, or enemies? 

These negative referrals are most likely to produce opinions that differ from 
the expert’s. Technology assessors must never shy away from differing opin- 
ions. 

These questions and others that are similar should aid the technology assessor in determining the 
conviction of the expert in his predictions and whether there are hidden biases that make that 
expert’s predictions suspect. 

Whether the team employs outside experts or relies on its intrinsic expertise, an invaluable 
tool in the initiation phase is brainstorming. With appropriate modifications it can be useful in the 
analysis, and assessment phases as well. In the initiation phase, the relevant question for the brain- 
storming session to address is “What new technology developments might occur in this field in the 
next 25 years?” In the analysis phase, the question might become “What factors might result in a 
limit being imposed on advancement in a specific technological area?” or “What can eliminate, 
mitigate, circumvent, or leapfrog around this identified limit to technological advancement?” In the 
assessment phase, the relevant question might become “What factors have we overlooked in this 
assessment that would invalidate the result?” 

Brainstorming basically involves the creation of an atmosphere in which the espousal of “off 
the wall” and “hare-brained” ideas is acceptable, “out of the box” and truly “innovative” concepts 
are not rejected with prejudice, and an impartial and unbiased analysis of all ideas can be per- 
formed. Technology assessment is about evaluating what ideas from science fiction are about to 
become science fact. This usually involves “crazy” ideas, which are more likely to come from 
brainstorming than logical debate. There are four phases in the brainstonning process: preparation, 
generation, clarification, and evaluation. 

The preparation phase involves becoming educated in the topic to be brainstormed. The 
same guidelines, techniques, and sources proposed during the discussion of the preparation stage 
of technology assessment are relevant here, except on a more limited scale. Besides general 
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education, each team member should be understand exactly what aspect of what problem the 
brainstonning is addressing. Generating good ideas is not the purpose of brainstonning. Gen- 
erating good ideas that address the problem is! 

In the generation phase, open discussion is used to generate ideas. A facilitator may or may 
not be used to maintain focus and discipline. Individual members are asked to espouse ideas that 
are relevant to the problem at hand. The solicitation may be one-at-a-time on a rotation basis or it 
may be a free-for-all. Individuals are encouraged to contribute new ideas as well as to elaborate on 
the ideas of others. A dedicated recorder is useful to capture all thoughts and ideas. During this 
phase, criticism is forbidden. No idea is deemed too fantastic or impossible or ridiculous. Lack of 
criticism permits the less forceful members to put forth ideas that are more unconventional than 
they would normally propose. It also makes it more difficult for members with more forceful 
personalities to dominate the session. Each individual suggesting an idea should be given a chance 
to state that idea completely before the next idea is solicited. Even though it means that some 
thoughts may be lost, it is essential that interrupting speakers be held to a minimum. Computer 
“groupware” that permits individuals to record ideas quickly and ultimately share them with 
everyone else may facilitate the process and minimize the number of lost ideas. It may also make 
it possible to distribute the brainstonning session over a number of remote sites. The generation 
phase should last as long as there is a steady flow of new ideas and until all generated ideas have 
had a chance to be presented. 

In the clarification phase, the group should review the list of ideas generated. Each idea 
should be presented and discussed until all members of the group fully understand that idea. As in 
the previous phase, criticism should be held to a minimum. However, critical questions are neces- 
sary to guarantee understanding. If an idea is detennined by one or more individuals to be im- 
practical or impossible, it is up to those individuals to demonstrate the impracticality or impossibil- 
ity to the group. If a significant subset of the group remains unconvinced, then the idea should be 
retained. 

In the evaluation phase, the group attempts to simplify the list. It is common for the same 
idea to be stated in different ways by different people. Such redundancy should be eliminated and 
a single way of stating the idea should be negotiated. Some ideas will be irrelevant to the stated 
problem. These should be eliminated from the list. Some ideas may be more appropriate to another 
topic that the assessment team will address later. These should be recorded and deferred to that 
later exercise. Many ideas will be different but sufficiently similar that they should be considered 
as a group, rather than as individual ideas. 

The simplified list should then be discussed in more detail. The goal is to assign a rough 
ranking to each idea. The ranking would reflect the group’s consensus on relative probability of 
occurrence, the relative importance of a factor is affecting an outcome, or the relative time scale 
over which a development is expected to occur. Any probabilities might be conditional on other 
possible occurrences. For example, the probability of investing adequate resources on a new 
aircraft technology (one with significant military benefits but limited commercial applicability) to 
assure its development by a particular date might be generally low, if that technology has few 
immediate commercial benefits, but could become very high if a new “Cold War” were to begin. 
The probability of replacing wheeled railcars with magnetically levitated cars is very low prior to 
the development of room-temperature superconducting wire, and almost unity within a few years 
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after such development (although complete replacement might take many years). Important factors 
may be stand-alone or may require the presence of other factors. Development of a space elevator 
will require the development of nanotube libers and the existence of a stable yet growing economy 
in which the requisite massive investment over many years is feasible. 



ANALYSIS - The next step that the prepared assessor must undertake is to determine the limits to 
growth of the technology under consideration. Limits exist in several forms. There are fundamen- 
tal limits that are imposed by the laws of nature. For example, the speed of light is a fundamental 
limit on speed of transportation (as far as we can tell at the present time). It is absurd to predict that 
technology will grow beyond this speed. Until such time as a fundamental and revolutionary 
change occurs in our understanding of nature, we must accept physical laws as absolutes. In the 
future someone might invent the field of hyperspace engineering, but our present understanding of 
physics does not permit such things. Indeed, we have made discoveries that indicate our present 
understanding may be in error, but until new theories have been postulated and tested, the assessor 
is bound to honor the accepted fundamental laws. 

Another class of limits is technological in nature. Lithography of integrated circuits is 
fundamentally limited by diffraction (linewidths cannot be made narrower than the wavelength of 
the radiation being used). However, there is no fundamental limit on the wavelength of radiation 
used. There are only practical limits - available ordinary light sources do not emit radiation shorter 
than ultraviolet wavelengths. Technological limits can usually be overcome by altering the imple- 
mentation of a process. If light bulbs cannot emit wavelengths short enough, then one should 
switch to using X-ray tubes, which can. Technological limits can limit technology growth directly 
(like diffraction) or indirectly through reliance on another technology (like the light source). 
Switching to X-ray lithography is not possible until practical X-ray sources are available. The 
lithographic process may require X-radiation of a brightness (power per unit area per unit solid 
angle) that exceeds the capability of medical and industrial X-ray sources. Switching to X-ray 
lithography may need to wait until an invention (the synchrotron light source) provides the techno- 
logical growth in the allied technology of X-ray sources. 

A third class of limits is societal in nature. Limits may be imposed by economic concerns, 
religious concerns, environmental concerns, educational levels, political realities, etc. Economics 
may limit the growth of a technology by limiting the amount of money available for investment. 
Thus, technology developments conceived in countries with weak economies may not be pursued. 
This does not mean that other technologists in countries with stronger technologies may not pursue 
the idea if they become aware of it. Economics may also limit the number of users of a technology 
to those with large quantities of discretionary funds. This would certainly limit applications and 
public acceptance and might prevent the technology from being commercially successful. 

Religion may impose taboos on uses of a technology. Some religions prohibit their mem- 
bers from undergoing certain kinds of medical treatment. Many religions have expressed “horror” 
at the thought of using tissues from aborted fetuses for any purposes including treatment of terminal 
diseases. Public outcry may lead to legislation that prohibits such “offensive” uses of science and 
technology. However, there is not yet a single dominant world religion. Technologists is some 
country somewhere will not be bound by such legislation. Such forbidden technologies are almost 
certain to be pursued by someone, even if that someone must work for a “criminal organization” or 



100 




a “country of infidels”. In some cases, the developments may remain outcast from the rest of the 
world. In other cases, the “criminals” open the developmental doors, and the rest of the world is 
obliged to follow. The net result is that those countries with religious taboos are the last to partici- 
pate in and enjoy any benefits from the new technology. 

In the past few decades educated citizens have become more aware of the potentially 
negative impacts that technology can have on the environment. Concerns over the release of 
radioactivity into the environment ultimately killed nuclear rocket technology and the use of nuclear 
explosives for peaceful construction (literally moving mountains and dredging sea level canals). It 
has also resulted in the total stoppage of expansion of nuclear power generation capability in the 
United States. Technologies that pollute the environment will seldom be tolerated. Many environ- 
mental concerns, such as air and water pollution, are of critical survival importance. These will not 
easily be overturned or bypassed. Others, such as the anti-nuclear-energy movement are ill-con- 
ceived, overly emotional, and poorly grounded in facts. These may well be overcome given time, 
education, and diligence on the part of the technologists. 

Educational levels can also affect technology. If a new computer operating system requires 
the user to have a doctorate in computer science, it will fail in comparison to an operating system 
that a child in kindergarten can use. The less education and specialized training required for 
operation of a new technology, the more people who can use it, and the more widely it will be 
accepted. If users fail to accept a technology, it will fail in the marketplace. 

Politics can also affect technological growth. If the government of a country decides to 
invest in infrastructure (roads, power lines, water supplies, etc.) or social welfare rather than invest 
in research and development, technologists in that country will be unable to pursue the research 
projects that will advance their technologies. They will be forced to migrate elsewhere or obtain 
employment in non-technological fields. The Apollo program (originally more politically driven 
than scientifically driven) was arguably the single biggest boost to technology development ever 
seen in peacetime. Wars, which are always political in nature, will often provide the funds needed 
to further technological growth in many areas. Politicians may also negotiate away research into 
specific technologies. Current Administration interest in a Comprehensive Test Ban Treaty has 
virtually ended research into the design of new nuclear weapons. Societal limits may be good or 
bad, but they are limits to growth nonetheless. 

After all potential limits have been identified, the assessor needs to evaluate the significance 
of each limit. Fundamental limits are just that, fundamental, and need no further evaluation in this 
phase. Societal limits are always soft limits. That is, a change in some aspect of society may cause 
a change in the limit. Society is based on compromise. If the payoff in one area provided by 
removing an arbitrary limit exceeds the cost in another area of removing that limit, society may opt 
to remove the limit. Political limits imposed by one political party when it is in power may be 
removed as soon as a second political party receives enough votes to take control of the govern- 
ment. Education may play a role in altering a societal limit. If the proponents of fetal tissue 
research could do an adequate job of educating the public on the benefits and on the improbability 
of the perceived drawbacks, then public opinion can be altered and the limit can be removed. The 
technology assessor must evaluate each societal limit to determine what factors could cause the 
limit to be removed and to detennine the likelihood that those factors will actually occur at the right 
place and time. 
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Technological limits are also soft limits. They can be overcome by the application of the 
right outside technologies. The assessor must study in detail the status of technology developments 
that bear directly on the overcoming of each technological limit. He must become sufficiently 
familiar with the affecting technologies that he can estimate the probability of those technologies 
overcoming a limit and the probable time scale on which that limit will be overcome. 

The often-quoted Serenity Prayer dates from Mid- 18 th Century Germany but was translated 
into English and elaborated by Reinhold Niebuhr in the second quarter of the 20 th Century. An 
abbreviated version was adopted by Alcoholics Anonymous as a centerpiece of their 12-Step 
program. The first stanza of the longer version goes: [65] 

“God, give us grace to accept with serenity the things that cannot be changed, 

Courage to change the things which should be changed, 

and the wisdom to distinguish the one from the other. ” 

- Reinhold Niebuhr (exact source and date unknown to this author) 

The last line is has deep relevance for technology assessment. The key to successful technology 
assessment is having the wisdom to distinguish between those limits than can be (and probably will 
be) overcome and those that cannot be (or will not be) overcome. 

It is at this point that technology assessment can be closely coupled with scenarios of the 
type described in Peter Schwartz’ The Art of the Long View [45]. In our context scenarios can be 
viewed as “what if’ exercises. What if the current period of economic prosperity ends in next year 
and is replaced with 10 years of recession? Will the accompanying shortness of investment money 
cause a societal limit (new factories require more investment than they will return as revenues) to 
occur 5 or 10 years earlier than it would normally occur? Will the occurrence of an armed conflict 
in Eastern Asia in ten years speed up or slow down development of a particular technology? If an 
adversary develops a revolutionary new technology, what impact will that technology have on the 
future development of existing technologies? As we point out in the chapter on limitations to 
technology assessment, one or more or these scenarios is likely to occur within a 20 year span. 
Addressing a number of scenarios will give the assessor a much better picture of what trends are 
robust to these random influences and what limits are harder or softer than others. 

After detennining the limits and “softness” of those limits, the technology assessor must 
determine the trends that each relevant technology is pursuing. The type of growth (exponential, 
linear, logarithmic, or none) and the rate of that growth must be estimated. We will see one way in 
which this last task is accomplished during the examination of Moore’s Law in the following 
chapter. With these tasks completed, the assessor can begin on the final two phases. 



INSPIRATION - Some technological limits and societal limits will require major inventions to be 
made before those limits can be overcome. The assessor needs to try to determine what inventions 
might be made to overcome each technological limit. Remember that identifying that a specific 
invention needs to be made is to take a major step in the direction of making that invention happen. 
In the same vein the assessor needs to identify the possible events or occurrences that could compel 
a positive change in each societal limit. This phase is creative in nature. It cannot be scheduled and 
it cannot be rushed. It is a well known phenomenon that much of the most creative thinking occurs 
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after an individual has taken a step back from a project to which he has been devoting all of his 
energies. When the individual stops consciously thinking about the project and tries to relax or 
think about an entirely different problem, then his subconscious can look at the first problem in 
entirely different ways and often come up with the hint needed for a final solution. Time should be 
made available to step away from the assessment and let the creative process function. In practice, 
the Inspiration Phase will almost certainly continue well into the final Assessment Phase. 



ASSESSMENT - After all of the preparatory work has been completed, the assessor is finally 
ready to perform the actual assessment. He begins at the present. Using the known growth trend 
and rate, the present growth is extrapolated until the first limit is reached. At this point the assessor 
must use his enlightened judgement to estimate whether that limit can be overcome and when it will 
be overcome (if it is). If the timing requires a period of stagnation then that is added to the predic- 
tion. However, if the assessor is capable of identifying the invention that must be made to over- 
come the limit, then so will technologists in the field. They will work to make the invention happen 
in a timely fashion. A period of stagnation is not often required. If the limit is judged to be capable 
of being overcome, then growth is extrapolated to the next limit. The trend to be used after the first 
limit must be estimated by the assessor. Often it is simplest to assume that the trend and rate is the 
same after the limit is overcome as it was before the limit is reached. This process is continued 
until a limit is reached that the assessor does not believe will be overcome. At this point the 
assessor declares technology growth to cease. 

All things considered, technology assessment is incredibly difficult to do well. The chances 
for error are manyfold. In the real world, you would not dream of: 

- having an accountant defend you in a murder trial, 

- having a medical doctor prepare your tax forms, 

- having a lawyer remove your appendix, or 

- having a technologist lead troops into battle. 

Therefore, would you ever consider having a senior military officer, a bureaucrat, a politician, or 
a corporate executive perform a technology assessment? Would you trust the results when they do? 
Unfortunately, we often do just that. Future military requirements for technology are determined 
by senior military officers. Many of these officers will have little or no technical training. They 
formulate requirements based on what amounts to poorly-informed guesses concerning the direc- 
tions that technology will take (both in their own countries and in the potential adversary countries). 
In many large corporations, strategic plans (including product predictions and research & develop- 
ment investment plans) are assembled by the marketing directors with limited inputs from the 
technical community. If we accept the validity of the methodology described above, these individu- 
als fail to invest adequate resources in the preparation phase. They are then likely to fail in all of 
the later phases as well. 

Given that any senior individual may be placed in the position of having to perfonn a 
technology assessment, some helpful hints may prove extremely beneficial. First and foremost, use 
a team! No individual can be adequately conversant with all of the factors that affect the develop- 
ment of technology. Second, use the “A” team not the “junior varsity”. Select the brightest 
individuals with the broadest base of education and experience. However, remember that talent 
does not always equate with fame, prestige, or institutional affiliation. The best team members may 
not be the most famous. Third, select the team members based on breadth and depth. Technology 
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development is multi-disciplinary. Pick team members with proven multi-disciplinary capabilities, 
not those with detailed expertise in the technology being analyzed but lacking in genuine breadth. 
In fact, it is not entirely necessary to pick a team member who is active in the specific technology 
being assessed. Such an individual may be sufficiently biased to adversely affect the outcome of 
the assessment. Nevertheless, the technical members of the team should be conversant with the 
subject and domain experts (being more aware of hidden limits than are outsiders) are probably 
more beneficial than detrimental. Where possible, avoid individuals with any obvious vested 
interest, either in a specific change or in the status quo. If domain experts must be used, use 
multiple experts from competing groups to try to insure a balanced analysis. Select representatives 
from the non-technical sectors (political science, sociology, economics, history, and the military), 
as well as the basic sciences and multiple key technologies. Do not pick a majority of the team 
from any one institution, organization, or social, ethnic, geographic, or academic background. 
Diversity is beneficial. 



Fourth, work the plan. Rigorously follow the assessment process. Spend the time necessary 
for preparation. An incorrect prediction obtained quickly is an incorrect prediction, no matter how 
you look at it (or how much time or money it supposedly “saves”). When you are predicting tech- 
nology ten, twenty, or thirty years into the future, you can afford to wait six months or a year to get 
a good prediction. Don’t rush any of the phases, especially inspiration. Lastly, don’t manage, lead! 
Keep the group focused. Encourage dissent and contrary opinions, but prevent acrimony. Don’t 
allow one individual (including yourself) or clique to dominate the proceedings. Be a contributor. 
If you prepared properly, your opinions are as important as your teammates opinions. If you didn’t 
prepare properly, you are not qualified to lead! 
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Chapter 8. An Example of Prediction: Microprocessors 



In 1965, Gordon Moore, one of the founders of Intel, noticed a trend in the density of tran- 
sistors (and the number of storable bits) in the memory chips Intel was building. The trend has 
become known as Moore’s Law [46]. In its original form, it can be stated as “Transistor density 
will double roughly every 18 months Despite its origins almost 35 years ago, Moore’s Law is still 

valid today, and is predicted to remain valid for many more years into the future. Figure 9 illus- 
trates Moore’s Law. The number of bits that a die of a memory chip possesses is shown by the 
square symbols. The number of transistors in a die of a microprocessor are shown by the star 
symbols. The plot is logarithmic, so a straight line represents exponential growth. Three lines are 
drawn that correspond to doubling time of 12 months, 18 months, and 24 months. It is obvious that 
the memory chips follow the 18 month doubling time. The microprocessor chips follow an expo- 
nential growth with a doubling time of slightly less than 24 months. The potential use of Moore’s 
Law as a trend for predicting future computer performance is obvious. 



Figure 9. Moore’ Law. " Transistor density will double roughly every 18 months ” 
- Gordon Moore, Intel (1965). 
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Given the success of Moore’s Law, other performance parameters of microcomputers have 
been plotted in similar fashion. Processor clock speed, instruction rate, and hard drive memory size 
have all been found to follow exponential growth curves. Data for clock speed and instruction rate 
are plotted in Figure 10. 
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Figure 10. Rate of increase of processing speed in microprocessors. 
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If Moore’s Law continues to be valid for the next 20 years, some surprising predictions can 
be made. These are shown in Table X. In 2020, the run of the mill personal computer that sits on 
your desktop will cost the same as it does today, but it will be capable of executing 4 trillion 
instructions per second, it will have 3 trillion bytes of memory available for processing, and it will 
have 0.2 quadrillion bytes of long-term memory. 

The human brain has roughly 100 billion neurons. [57] Each neuron has approximately 1000 
synapses (connections to other neurons). The maximum electrical firing rate of neurons is approx- 
imately 200 Hz (although most neurons fire - change their electrical state - at much lower rates). 
Thus, the human brain has a theoretical maximum operation rate of 2 x 1 0 16 operations per second. 
However, it is known that even while engaged in intense mental activity, only a fraction of the 
neurons fire at all and only a fraction of those fire at near the maximum rate. A realistic estimate 
of the true operation rate is at least two to three orders of magnitude lower, i.e., 2 x 10 13 operations 
per second (20 THz). The brain has roughly 1 quadrillion (lx 10 15 ) interconnections. 
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Table X. Implications of the continued validity of Moore’s Law. 



COMPUTER 

CHARACTERISTIC 

Transistors per die 

Processor Speed 

Instruction Speed 

Memory Size 

Hard Drive Size 

Cost (without monitor 
or printer) 



1995 TECHNOLOGY 
5.5 Million 
200 MHz 
200 MHz 
32 MB 
2.0 GB 
$2500 



2020 TECHNOLOGY 
30 Billion 
60 GHz 
4 THz 
3.2 TB 
200 TB 
$2500 



It is believed that each interconnection may be associated with an element of memory. Thus, the 
human brain has a potential for 1 quadrillion bits (= 125 TB). There is no clear distinction in the 
brain between random access memory (RAM) and long-tenn storage (disk capability). It is prob- 
ably more accurate to associate the number of neural interconnections with long-term storage. A 
tiny fraction of the neurons and their interconnections serve as random access memory. 

Comparing the 2020 prediction of Moore’s Law with our estimates of the performance of 
the human brain, we find that the desktop PC of 2020 will have an operation rate that is only a 
factor of five smaller than that of the human brain and more storage (memory) than the human 
brain. That is, by 2020 your desktop computer may be almost as smart as you are. We may be less 
than a quarter century away from true machine intelligences capable of independent and creative 
thought. We may be able to delegate critical but terribly hazardous tasks to machines that can solve 
problems as well as a human can, but have no fear or concept of death. It is also possible that these 
machine intelligences might develop self-awareness (sentience). We could go farther, but our 
predictions of probable occurrences would digress into mere speculation about possibilities. 

The boldness of a prediction such as we have just made, immediately forces one to look for 
limits. The fundamental atomic limit is 1 electron/bit (we cannot have fractional charges) and either 
1 electron for every 4 atoms of silicon (if two-dimensional structures are considered) or 1 electron 
for every 8 atoms of silicon (if three-dimensional structures are considered). The spatial limits 
result because the electrons must have some spatial separation. If they are placed on adjacent 
atoms, then they can interact with each other in ways that may preclude their use as logic elements. 
In silicon the individual atoms are separated by 0.235 nm. The fundamental atomic limits corre- 
spond to feature sizes of roughly 0.00024 pm with corresponding densities of 6.8 x 10 14 bits/cm 2 . 
The currently producible linewidth (or feature size) technology is 0.18 pm. Transistor density 
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scales as the reciprocal of the square of the linewidth. Thus the fundamental limit is roughly 
590,000 times higher density than currently achievable values. Nineteen doublings of density 
corresponds to roughly 524,000 times higher density. Thus given a density doubling every 2 years, 
the fundamental limit should not be reached until around 2038. Thus, the fundamental atomic limit 
does not preclude our optimistic prediction. 

There are two fundamental thermodynamic limits to computation [51] dealing with the 
energy required to change a bit of infonnation. The first of these limits corresponds to an invariant 
quantity of 3.5 x 10 20 bit operations per second per watt of consumed power. Higher operation rates 
(average number of bit changes per mathematical operation times the rate at which operations are 
performed) will require higher input powers. In 2020, anticipated instruction rates should approach 
4 THz. Assuming a growth to 128 bit processors, an average bit change probability of 0.5, and five 
128-bit words being changed (one instruction register, two input numerical buffers, one output 
numerical buffer, and one storage word), we estimate a bit operation rate of 1 .3 x 10 15 bit operations 
per second. This would require less than 4 microwatts of power. Thus even in 2020 the first 
thermodynamic limit will not be significant. The second limit involves the energy required to 
transfer a bit from one device to another. This energy is given by E = k T d f / c where T is the 
temperature, d is the separation between the two devices, and /is the operating frequency. At 500 
nm device separations (an number larger than typical - smaller separations will only lead to larger 
bit operation rates per watt), this is equivalent to 1 x 10 17 bit operations per second per watt of 
consumed power. Compared to our projected 1.3 x 10 15 bit operations per second, even this limit 
will not be a significant limitation in 2020. 

There are also a number of less fundamental technological limits. Two of these deal with 
thennal properties. The resistance of aluminum wires used to connect transistors causes excessive 
heating as the wire thickness gets smaller. For aluminum, the heating limit is around 0.1 -0.2 pm 
technology. However, IBM has pioneered the use of copper instead of aluminum. The lower 
resistance of copper will eliminate the heating problem for some time. There is also the possibility 
of using superconducting wires if the device can be cryogenically cooled. Cryogenic cooling is a 
complication but the technology for its implementation has been available for many years. The 
second thermal limit occurs because of the reduced size of the transistor structures. As the struc- 
tures get smaller, the lowest energy state will of necessity get higher. This is a quantum mechanical 
effect. As the lowest energy state gets higher there is more chance that thermal excitation (the 
electrons obey Fenni statistics) will cause some of the electrons to jump into the conduction band. 
At room temperature, this effect should become noticeable around 0. 1 -pm technology. Cooling the 
chip to cryogenic temperatures can eliminate this problem. The use of materials other than silicon 
(that is, quantum well structures created in multi-layered semiconductors) may also be able to 
eliminate this second thermal effect. 

A third technological limit is the tunneling limit. When structures become too close to- 
gether, electrons may tunnel through the barrier separating the structures and jump from one 
transistor to another. This will become a problem when the technology drops to roughly 0.01 pm 
linewidth. Quantum well materials may help eliminate this problem. A fourth technological limit 
has to do with lithography. At 0.1 pm, conventional ultraviolet lithography will fail. Fortunately, 
the industry is turning to X-ray lithography which is capable of making lines smaller than the 
fundamental limit. There are technological solutions that allow each of these technological limits 
to be broken. 
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Current microprocessors use CMOS (complementary metal oxide semiconductor) techno- 
logy to create individual transistors in the integrated circuit. This semiconductor device technology 
imposes limits of its own. For example, silicon dioxide is used as the insulating material. Current 
CMOS devices have insulators that are at least 25 atoms thick.[52] This limits features to be larger 
than 0.006 mn (in practice feature sizes will be considerably larger than this insulator thickness). 
However, Bell Laboratories has demonstrated that 4 atom thicknesses should be sufficient, permit- 
ting potential insulator thickness reductions to 0.001 mn scale. 

CMOS devices also use doped silicon to produce p- and n-type materials. As device scales 
get smaller, the number of dopant atoms must necessarily get smaller. As the total number of 
dopant atoms gets smaller, statistical variations in the number of dopant atoms per device will 
become significantly more important. [53] Maximum dopant concentrations are of the order of 1% 
atom density. Transistors should function adequately in logic devices if the variation in concentra- 
tion is less than 10% or so. Achieving such concentration uniformity requires at least 100 dopant 
atoms per transistor on the average. One hundred atoms at one percent concentration implies at 
least 10,000 silicon atoms per transistor. Assuming the active regions are no thicker than 10 silicon 
atoms, then the minimum area of a transistor must correspond to at least 1000 silicon atoms. The 
corresponding feature size will be roughly 30 silicon atoms or 0.007 mn. This limit will likely pre- 
clude CMOS from continuing to follow Moore’s Law beyond about 2018. However, it may be 
possible to overcome this limit by using GaAs or some other semiconductor material or by employ- 
ing quantum well structures. Nanotechnology such as atomic force microscopy might also be used 
to reduce the statistical variations in dopant concentrations. [54]-[56] 

CMOS also has a perfonnance scaling limit. [53] In order to maintain the low resistance in 
the source, drain, and channel regions, the total amount of free charge present must remain the 
same, even as device dimensions are reduced. CMOS scaling theory furthermore requires that all 
three dimensions of a CMOS device be reduced simultaneously by the same amount. Thus as 
device dimensions shrink by a factor of two, charge density in the source, drain, and channel 
regions must increase by a factor of eight. Historically, this has been achieved by increasing the 
dopant concentration. Unfortunately, current dopant concentrations are rapidly nearing the maxi- 
mum practical values of 1%. When dopant concentrations get too high, thermodynamic consider- 
ations force the individual atoms to fonn atomic clusters. The clusters do not have the same 
electronic properties as the free atoms (and no longer contribute charge proportional to the number 
of atoms present). 

When scaling breaks down, device performance will degrade. This will likely lead to an 
increase in bit transcription errors. Ones will be perceived as zeros and vice versa. A bit error in 
data transfer will result in mathematical errors. A bit error in a machine language instruction will 
often cause the computer to hang and cease program execution. In a practical computer system, a 
bit error cannot be tolerated more than once every few days (weeks or months would be preferable). 
If we assume a current clock rate of 1 GHz, and bit flow rates of roughly 5 32-bit words per opera- 
tion, we obtain a bit rate of 160 GHz. For a mean time between bit errors of 3 days (259,200 
seconds), the bit error probability must be less than 2.4 x 10" 17 . The author does not know exactly 
how much smaller than this value current bit error rates are, but he assumes that they are much 
smaller than this. There is some room for increased error rate due to degraded CMOS performance. 
This will buy some time (2 or 3 doublings) for continued Moore’s Law applicability. Possible 
solutions to this limit are error correction and redundancy. Error correction detects the bit errors 
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(for example, through the use of parity bits in the computer words) and then fixes the errors before 
the instruction is executed. Error correction can easily improve bit error rates by several orders of 
magnitude. However, it requires overhead. Some space on the chip must be provided to accom- 
plish the error detection and correction. This is expected to be small (less than 10%) and thus will 
not affect the effective linewidth reduction rate. Redundancy requires duplicating all critical 
circuits. Computations are run in parallel and error detection is used to determine if one circuit has 
an error with the value from the error-free circuit being used for later computations. Redundancy 
can easily achieve bit error rate reduction of many orders of magnitude (more than 8 orders for our 
nominal system described above). Redundancy comes with a big overhead penalty (2 transistors 
are required to do the job of 1), the benefits of tolerating much reduced transistor performance will 
almost certainly be able to overcome this burden. If simple redundancy pennits a halving of the 
feature size, transistor density will still have doubled. Error correction and redundancy are compo- 
nents of fault tolerance. Fault tolerant design should be able to push perfonnance at least 4 or 5 
doublings into the future. The doubling time however, may slow somewhat due to increased 
overhead requirements. 

There is also a societal limit to microprocessor performance advances. Arthur Rock has ob- 
served that the cost of manufacturing facilities doubles every four years. This is known as Rock’s 
Law. [46] It turns out that factories capable of producing 0.18 pm linewidths are almost but not 
quite prohibitively expensive. Factory costs can only sustain two or three more doublings before 
they will cost more than the company can expect to get back in revenue. Factory costs will be so 
prohibitive that new factories will not be built. If this happens growth will stop. However, there 
is a limit breaker here as well. That is, groups of companies can band together to build one large 
factory that will service them all. Alternatives to this include a national facility available to every- 
one, or government subsidies because continued advances in microprocessor capability is in the best 
interests of the nation. 

It should be noted that there are several ways in which the trend called Moore’s Law can be 
totally broken (for the better). The first is to develop three-dimensional chip technology. Cur- 
rently, chips are scaled in two-dimensions and are extremely thin. There is only one layer of 
transistors. There is nothing fundamental to prevent scaling in three dimensions. Rather than 
having a two-dimensional chip with 1 million x 1 million = 1 trillion transistors we could have 
three-dimensional “cubes” with 1 million x 1 million x 1 million = 1 quintillion transistors. Scaling 
in three dimensions breaks the paradigm that is the basis of Moore’s Law. Another law breaker is 
wafer-scale integration. Currently, chips are nominally 1 cm by 1 cm in size, and several hundred 
are produced from a single wafer. If we allow the processor to expand over the entire surface of the 
wafer, and allow the wafer to get ever bigger in size, we can accommodate several more orders of 
magnitude in growth, even if feature sizes do not get smaller. A third law breaker is the use of m- 
ary logic. Moore’s Law assumed one bit per transistor as a limit. M-ary logic uses different voltage 
levels to represent different bits rather than presence/absence of a voltage (binary logic) as assumed 
by Moore’s Law. If we could develop technology that could hold one thousand bits per transistor, 
we could exceed the current fundamental limit without reducing the linewidth. 

The preceding paragraphs show a concrete example of the application of the technology 
assessment process. Considering the limits and the potential limit breakers, the author is willing to 
make the following assessment. Microprocessors will continue to improve at fast as today for the 
next few years. The probability is high that this trend will continue for another decade. Around the 
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end of this decade, there is a strong probability that the improvement rate will decrease due to both 
technical and economic reasons. However, neither limiting factor is expected to be insurmountable. 
Improvement will continue. It is likely that a new logic technology will replace CMOS in this time 
frame. Thus, there is reasonable expectation that the limits will be overcome and growth at a rate 
comparable to the present would resume after a few years. There is also a significant possibility 
that one of the “law breakers” may produce even greater advancement rates. There is also a 
reasonable probability that one of the law breakers will be the means by which the limits appearing 
around 2010 are overcome, if a replacement for CMOS is not forthcoming. The author believes that 
on the average it is more likely than not that Moore’s Law will continue to be a reasonable predictor 
through 2020 or so. However, it does not have much chance of continuing to be valid beyond 2030. 
Fundamental limits are beginning to be approached that cannot be overcome. It should be noted 
that until such hard limits are reached, growth will continue but at a slower rate. Should Moore’s 
Law start to fail around 2010, the technology that Moore’s Law predicts to occur by 2020 might not 
arrive until 2030, but it is almost certain to arrive within a reasonable interval. 

From this analysis of Moore’s Law we see that by 2020 ( 2030 at the latest) it is almost 
certain that “personal” computers will rival human beings in terms of processing ability. Once such 
a technology assessment has been made, the ramifications of the prediction can be investigated. For 
example, computers based on this hardware technology may in fact pass the Turing test and be 
considered truly intelligent. NOTE: the mere fact that the computer has processing capability 
comparable to a human does not mean it will think. The way the processing capacity is used is the 
realm of software, or in this instance, that branch of software and programming we usually call 
artificial intelligence. This is a separate technology that must be assessed separately. It may be that 
growth in processing capacity will outpace our ability to use it to utmost efficiency. In this case 
intelligent computers may not arrive for decades after capable hardware exists. Regardless, investi- 
gations of the future development of “software”, especially artificial intelligence, and of the ramifi- 
cations of the development of intelligent computers are beyond the scope of the present work. The 
preceding example does illustrate how one technology assessment often leads to or requires the 
assessment of other technologies in order to form a more reasonable estimate of probable futures. 
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Chapter 9. Limitations on Technology Assessment Accuracy 



“The best way to predict the future is to invent it. ” 

- Peter Cochrane, Head of Research at British Telecom Labs [62] 

- Dr. Alan Kay, founder of Xerox Palo Alto Research Center [61] 

Both Cochrane and Kay are credited with making this quotation and have accepted credit for it. 
Given the reputations and histories of both individuals, it is quite likely that they independently 
came up with the same idea and voiced it in the same way. Even if one said it first, and the other 
heard it, there must have been so much resonance with his own thoughts that it would be difficult 
for him to accept that he had not already had the same thought expressed in the same way. This is 
another example that illustrates that it will be almost impossible to legislate away a technological 
advance or suppress an advance through secrecy. Even the phrasing of good ideas can and will be 
developed independently by different individuals in the same general period of time. 

“If ‘the best way to predict the future is to invent it’, then the best way to invent the future 

is to get started! ” 

- Dr. Alan Kay, Vice President of Research and Development, Walt Disney Co. 

“Anything one man can imagine, other men can make real ’’ 

- Jules Verne 

CLARKE ’S THIRD LA W: 

“Any sufficiently advanced technology is indistinguishable from magic. ’’ 

- Arthur C. Clarke, Profiles of the Future (1972) 

“One man ’s ‘magic ’ is another man ’s engineering. ‘Supernatural ’ is a null word. ” 

- Robert A. Heinlein, Time Enough for Love (1973) 

“Vision without action is merely a dream. Action without vision is merely passing time. 

But vision with action can change the world. ” 

- Joel Barker (1992) [61] 

Even if the methodology prescribed earlier is rigorously and brilliantly followed, it will be 
virtually impossible to accurately predict the changes in technology that will occur over the course 
of a century. One reason is the limits of our imaginations. Few people could visualize a thousand 
new modes of telecommunications, or hundreds of new forms of transportation, even though we can 
fairly accurately predict that there will be that many innovations. A second equally major reason 
is the nature of random chance. There are too many opportunities for chance to insert itself into the 
process in one hundred years. 

For example, the study of history tells us that numerous upheavals can and probably will 
occur in the span of one century: 

- five generations of people will be born 

- technological growth will undergo six to eight doublings 

- the world economy will experience several major booms and severe recessions 
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- the world economy may change its fundamental character (e.g., from agricultural to 

industrial or industrial to information-based) 

- a world power will fight several major wars and dozens of minor conflicts 

- dozens of countries will come into being as independent states and dozens of countries 

(including some that recently came into being) will be absorbed by others and disappear 

- an empire can rise, thrive, and fall (e.g., the Soviet Union and the Third Reich), and 

possibly rise again (e.g., Japan) 

- a political system can be created, implemented, misused, and destroyed (e.g., Commu- 

nism) 

- natural disasters will devastate hundreds of geographic regions the size of small countries 

* worldwide there will be roughly 2000 Magnitude 7+, 100 Magnitude 8+, and 3-5 

Magnitude 9+ earthquakes 

* worldwide there will be roughly 4500 hurricanes, typhoons, or tropical cyclones, 

of which roughly one-third will be highly-damaging Category 3 or above storms 

* there will be several major volcanic explosions and hundreds of damaging erup- 

tions 

* every major fanning region will experience several periods of severe drought 

* every major river basin will experience several major floods 

- there is a 30% to 40% chance that a major new religion will arise 

- a pandemic disease can kill a large portion of the world’s population (e.g., the Black Death 

in the 14 th century or Spanish influenza in 1918) 

- many species will go from abundance to extinction. 

As any of these phenomena can alter man’s perceptions of what he needs to cope with the future, 
the phenomenon of “necessity being the mother of invention” will come into play and alter the char- 
acter of the inventions being made. 

Major new discoveries, inventions, or technological innovation cannot be predicted in 
advance. In 1850 there was no way to predict the discovery of radioactivity. Since atomic nuclei 
were unknown, any “prediction” would have been meaningless and unjustified. However, once 
discovered, the world changed forever. In addition, as exemplified by Cochrane’s and Verne’s 
quotes above, the very act of prediction may be tantamount to discovery. Had the atomic nucleus 
been known in 1850, then a prediction of radioactivity would have immediately led to a directed 
search for the phenomenon. Its discovery would have followed quickly. 

Table XI lists a number of significant inventions and possible future inventions. The 
inventions are broken into two categories: those whose discovery was unexpected and those whose 
discovery was anticipated long before they were reduced to practice. Some of the unexpected 
inventions were totally unexpected. X-rays were not even a conceptual possibility, when Roentgen 
made his classic observation. Even the name (X denotes unknown) reflects this fact. Superconduc- 
tivity was not considered as a possibility until experiments showed that at low enough temperatures, 
the electrical resistance of some metals dropped to unmeasurably low values, despite theories that 
predicted zero resistance only at absolute zero temperature. Other unexpected discoveries were not 
anticipated in the earlier literature, but were expected by their inventors. Even after the invention 
of radio, television was yet not a conceptual possibility. The idea of converting two-dimensional 
image information into a one-dimensional electrical signal by raster scanning was a critical concep- 
tual breakthrough. Immediately, the television pioneers began to try to turn theory into practice, 
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although this still took several decades before the first practical broadcast occurred (at the 1936 
Berlin Olympics). Although the inventors had envisioned the possibility of television before they 
could reduce it to practice, speculation did not significantly precede action. On the other hand, the 
airplane (or flying machine) has been the source of speculation since the time of the Greeks. It took 
the development of aerodynamics and internal combustion engines to pennit reduction to practice, 
but few were surprised that airplanes could be invented. The surprise came only as to when they 
were invented and by whom. In one sense the invention of the airplane can be attributed to 
Daedalus and Icarus. However, in practice, we ascribe the invention to the Wright brothers. 

All of the unexpected “inventions” in Table XI have been reduced to practice. Some of the 
expected “inventions” are still only speculation. In fact, several may never occur, such as immortal- 
ity and communication with the dead. Some are not possible given our current knowledge of 
physics. However, as our knowledge changes, so does our conception of possibility. In the 1800’s 
faster than light travel was a conceptual possibility. With the development of relativity theory in 
1 905, faster than light travel became a physical impossibility. However, recent advances in gravita- 
tional theory and cosmology (i.e., wonnholes) may bring faster than light travel (and time travel as 
well) back into the realm of the possible. Regardless, the mere act of conceiving of an invention 
brings it a large step closer to reality. This is another reason for the potential technology assessor 
to study science fiction. For it is science fiction that has been the source of many of the expected 
inventions of the past. Knowledge that an invention is conceivable, does not tell us when it will be 
reduced to practice. However, in many instances, it does indicate that someone is trying to do so. 

Major scientific discoveries or inventions can (and often will): 

- start new technologies 

- kill off competing old technologies 

- allow major improvements in other old technologies 

- lead to other major new discoveries or inventions 

- cause other discoveries to be delayed because resources are redirected. 

Thus each new major discovery randomly alters the chances of other major discoveries being made. 

Progress along a technological trend proceeds in small jumps of varying size at varying 
intervals. Even though long-term growth may be exponential, normal statistical variations in the 
small jumps can cause progress in any 5-10 year interval to vary significantly from the preceding 
and succeeding intervals. The inventions or changes necessary to overcome major limitations to 
growth will reset the technological process. The trend that exists after overcoming a technological 
or societal limit does not need to follow the same growth characteristics as before that limit was 
reached. 

Changes in the economy can bring any trend to a sudden halt. As soon as investment costs 
in a technology exceed any expected return on investment (ROI), then investment in that technol- 
ogy will cease and growth will grind to a halt. Sudden changes in inflation, interest rates, or stock 
prices can cause ROI to fall precipitously. 
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Table XI. Major “inventions” that were unexpected prior to their discovery versus “inventions” 
whose development was anticipated long before they actually occurred. This table is a modification 
of one published by Arthur Clarke [15]. “Inventions” in italics have been added by this author. 
Note: not all expected “inventions” have been reduced to practice; a few may never be. 



UNEXPECTED EXPECTED 



X-Rays 


Automobiles 


Nuclear Energy 


Airplanes 


Radio/Television 


Steam Engines 


Electronics 


Submarines 


Photography 


Spaceships 


Sound Recording 


Telephones 


Quantum Mechanics 


Robots 


Relativity 


Death Rays 


Transistors 


Transmutation 


Masers/ Lasers 


Artificial Life 


Superconductors 


Immortality 


Superfluids 


Invisibility 


Atomic Clocks 


Levitation 


Mossbauer Effect 


Teleportation 


Celestial Body Composition Determination 


Communication With The Dead 


Dating the Past (Carbon-14, etc.) 


Time Travel 


Detecting Invisible Planets 


Telepathy 


The Ionosphere 


Helicopters 


Van Allen Belts 


Matter Replication 


Movable Type Printing Press 


Faster Than Light Travel 


Telescopes/Microscopes 


Extraterrestrial Contact 


Artificial Elements 


Intelligent Machines 


Radioactivity 


Organ Transplants 


Antibiotics 


Clones 


Plastics 


Androids 


Explosives 


Internal Combustion Engines 


Guided Missiles 


Superhumans 


Radar 


Suspended Animation 


Xerography 


Learning Pills 


Particle Accelerators 


Cyberwarfare 


Magnetic Recording/Storage 


Computers 


Microbial Origin of Disease 


Mind Control 
Terraforming of Planets 
Weafher/Climafe Control 
Space Colonies 
Solar System Engineering 
Inertia Damping 
Anti-Gravity 

Chemical & Biological Weapons 
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Prophecy (predicting the future) has a tendency to become self-fulfilling. If growth in a 
technology is predicted to be small, then investment will likely be placed into alternative technolo- 
gies (with better predicted growth rates) and growth will indeed be small. However, prophecy can 
occasionally lead to contrarian behavior. If growth in a technology is predicted to be small, then a 
contrarian investor may smell the chance for a major payoff by increasing investments in that 
technology in order to cause the technology growth rate to increase. Self-fulfilling or contrarian 
behavior is up to the whims of the investors. Conservative investors (self-fulfilling types) predo- 
minate, however, gamblers (contrarian types) can be found almost everywhere. The random 
influences of self-fulfilling or contrarian prophecy add to the difficulty in long-tenn technology 
prediction. 
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Chapter 10. Potential 21 st Century Growth Technologies 



"Just because a prediction of future society sounds like science fiction, doesn 7 make it true. 
However, if it doesn ’t sound like science fiction, it will certainly be false! ” 

- Author unknown (possibly Arthur C. Clarke) 



Since the scope of this paper is the assessment of the future of technology, it is only fair that 
the author presents some projections. The first major assessment was performed circa 1962 (and 
revised in 1972) by the accomplished futurist Arthur C. Clarke. Table XII reproduces (with minor 
revisions by this author) Clarke’s “Chart of the Future” that served as the conclusion to his book 
Profiles of the Future . [15] Even after only thirty years many of his predictions seem ludicrous, 
especially those dealing with space. In Clarke’s defense, few technologists could have predicted 
that NASA (responding to budget cuts) would have abandoned further manned space exploration 
after six successful lunar landings. Even in retrospect this author stills finds it difficult to believe. 
Nevertheless, this is an excellent example of a societal limit and how strongly such limits can affect 
progress. It is also an example of the havoc that random effects (in this case a change in political 
priorities) can play on our ability to predict the future of technology. 

Clarke’s predictions in the infonnation and communication area are not too bad. If we 
equate “personal radio” with cellular telephone technology and “global library” with the World 
Wide Web, then reality has exceeded his predictions. His prediction of artificial intelligence in 
1990 is questionable. Many expert systems were in use by 1990, but the existence of a machine 
intelligence capable of passing the Turing test has not yet come to pass. Particle physicists have 
made great progress in understanding sub-nuclear structure, but it will likely be well past 2004 
(when the CERN Large Hadron Collider is expected to become operational) before the next series 
of critical experiments will test current theoretical knowledge. Clarke’s predictions in materials & 
manufacturing and biology & chemistry are no better than his predictions on transportation (space 
travel). His prediction of fusion power in the 1980’s is highly unlikely to occur before 2020 if then. 
His prediction of cyborgs (humans with artificial components) by the mid- 1 980 ’s has occurred in 
very limited circumstances (prosthetic technology has come a long way since peg legs and hooks). 
But, in the sense of significant replacement of human parts by mechanical parts with augmented 
performance, that has not yet occurred and is not likely in the near future. 

The nature of Clarke’s view of the future and these predictions in particular is summed up 
by his introductory remarks to Profiles of the Future [15]: 

If this book seems completely reasonable and all my extrapolations convincing, I will not 
have succeeded in looking very far ahead; for the one fact about the future of which we 
can be certain is that it will be utterly fantastic. 

- Arthur C. Clarke, Profiles of the Future , p. xvii (1972) 
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Table XII. Arthur C. Clarke’s “Chart of the Future”. 



- THE PAST - 

INFORMATION & MATERIALS & BIOLOGY & 

DATE TRANSPORTATION COMMUNICATION MANUFACTURING CHEMISTRY PHYSICS 



1800 


Locomotive 


Camera 


Steam engines 


Inorganic chemistry 


Atomic theory 






Babbage calculator 




Urea synthesized 






Steamship 


Telegraph 


Machine tools 




Spectroscope 


1850 




Telephone 


Electricity 


Organic chemistry 


Energy conservation 






Phonograph 






Electromagnetism 






Office machines 






Evolution 




Automobile 




Diesel engine 






1900 






Gasoline engine 


Dyes 


X-rays 




Airplane 


Vacuum tube 


Mass production 


Genetics 

Vitamins 


Electron 

Radioactivity 








Nitrogen fixation 


Plastics 




1910 




Radio 






Isotopes 












Quantum theory 










Chromosomes 




1920 








Genes 


Relativity 












Atomic structure 


1930 




TV 




Language of bees 
Hormones 


Indeterminancy 
Wave mechanics 












Neutron 


1940 


Jet 


Radar 






Uranium fission 




Rocket 

Helicopter 


Tape recorders 
Electronic computer 


Magnesium (sea) 


Synthetics 


Accelerators 






Cybernetics 


Atomic energy 


Antibiotics 


Radio astronomy 


1950 




Transistor 


Automation 










Maser 


Fusion bomb 


Tranquilizers 






Satellite 






Inti. Geophysical Yr 




GEM 








Parity overthrown 


1960 


Spaceship 


Laser 

Commun. satellite 




Protein structure 


Nuclear structure 



- NOW (1962)- 
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Table XII. Arthur C. Clarke’s “Chart of the Future” (continued) 



- THE FUTURE - 



DATE 


TRANSPORTATION 


INFORMATION & 
COMMUNICATION 


MATERIALS & 
MANUFACTURING 


BIOLOGY & 
CHEMISTRY 


PHYSICS 


1970 


Space lab 
Lunar landing 

Nuclear rocket 








Gravity waves 



1980 


Planetary landings 


Personal radio 


Fusion power 


Exobiology 






Translating machine 


Cyborgs 


1990 




Artificial intelligence 


Efficient electric storage 










Cetacean languages 


2000 


Colonizing planets 




Wireless energy 


Enhanced perception 










Subnuclear struct. 






Global library 






2010 


Earth probes 


Telesensory devices 


Sea mining 




2020 


Interstellar probes 


Logical languages 


Weather control 


Nuclear catalysts 






Robots 




Heredity control 


2030 




Contact with ETI 


Space Mining 


Bioengineering 


2040 






Transmutation 


Intelligent animals 


2050 


Gravity control 


Memory playback 




Suspended animation 




"Space drive" 




Planetary Engrg 




2060 




Mechanical educator 




Space-time distortion 






Coding of artifacts 






2070 


Near light speeds 




Climate control 


Artificial life 


2080 




Machine intelligence 










exceeds man's 








Interstellar flight 








2090 


Matter transmitter 


World brain 


Replicator 


Immortality 


2100 


Meeting with ETI 




Astronomical Engrg 



ETI = Extra-Terrestrial Intelligence 

The seven items in boldface type are items that the author believes have occurred more or less as predicted. 
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A second example of prediction was perfonned to determine what technologies the military of the 
future would need to support development of the next generation of combat systems. This analysis 
considered the next 20 years and asked several questions: 

What are the areas in which the United States military has a substantial competitive advan- 
tage? 

What are the areas in which the U. S. is devoting significant development resources? 

What are the probable adversary reactions to the current and projected future U. S. forces? 

What technologies should U. S. forces be studying to complement future requirements and 
counter potential adversary reactions? 

One set of answers to these questions is presented in Figure XIII, which for want of a better phrase 
is called "2020 Vision”. 

The process proceeded as follows. A trend in weapons systems development or a likely 
countermeasure to an established trend is predicted. Assuming the trend or countermeasure occurs, 
then the implications for our military are predicted. These implications will usually involve new 
weapons and new or improved capabilities. Finally, the technologies that might play a role in 
addressing those implications are identified. It is the aggregate of these technologies that should 
form the basis for prioritization of basic research funds and for determining what courses should be 
emphasized in graduate study for military technologists. 

To illustrate this process, we will look at one of the trends in detail. For example, it should 
be no surprise to anyone that the military (almost anyone’s military) has become so enamored of 
stealth technology that it is being incorporated into almost every new program. Since the primary 
effect of stealth is to make objects harder to detect by radar, it is a strong possibility that radar may 
play a less important role in the future. Alternative sensors need to be developed which are less 
affected by stealth. Electromagnetic theory is important to predict the levels of stealth achievable 
and to understand the interaction of electromagnetic radiation with stealthy objects. For example, 
ultrawideband or impulse radars may be less affected by stealth. Infrared technology is another 
candidate counter-stealth technology, although many stealth programs try to address the infrared 
signature as well. Electro-optical systems and laser sensor systems are still other alternative sensor 
technologies that may provide solutions to this problem. If infrared, electro-optical, or laser sensors 
are employed, then improved understanding of atmospheric propagation will be necessary to predict 
their perfonnance. 

All of the applicable technologies for all of the identified trends are collected together in 
Table XIV. In this table the author has included a second list that might have been generated by a 
similar process twenty-five years earlier. In fact, this list was generated in hindsight but is believed 
to accurately represent those technologies that were being emphasized for science and technology 
students. In 1975, the author was completing his graduate studies at Lawrence Livermore Lab and 
was preparing to find another position in the defense industry. As he interviewed at many different 
institutions, he was exposed to a much wider range of fields and projects than was nonnal. The 
significance of the time frame has also helped enhance his recollections. 
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Table XIII. 2020 Vision. 



PREDICTED FUTURE OCCURRENCE 

Universal incorporation of stealth 



Agile hypersonic missiles 



Terminal-guided theater ballistic missiles 



Air-independent propulsion submarines 



U. S. Naval aviation will be STOVL 



Increased use of unmanned combat vehicles 



Improved Armor 



MILITARY IMPLICATION 

Decreased importance of radar 
Counter-stealth sensors required 



Timelines reduced to seconds 
Over the horizon sensors desired 
Directed energy weapons desired 



All high value targets at risk (incl. Ships) 
TBMD is a necessity 
Advanced seekers are required 



Quieter submarines 
Decreased effectiveness of sonar 



Distributed aviation - reduced vulnerability 
Every ship an aircraft carrier 



Air combat at Mach 3 and 30 g's 
Autonomous systems desired 



Better warheads are required 
Better armor is desired 



APPLICABLE TECHNOLOGIES 

Electromagnetics 

Infrared 

Electro-Optics 

Lasers 

Atmospheric Propagation 
Lasers 

Electromagnetics 
Plasma Physics 
Infrared 

Atmospheric Propagation 

Signal processing 

Infrared 

Electro-optics 

Missiles 

Warheads 

Impact Physics 

Lasers 

Electro-optics 
Signal Processing 

Infra red 
Electro-optics 
Jet Propulsion 
Aerodynamics 

Distributed systems 
Artificial Intelligence 
Infrared 
Electro-optics 
Aerodynamics 

Explosives 
Materials 
Impact Physics 
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Table XIII. 2020 Vision (continued). 



PREDICTED FUTURE OCCURRENCE 

Adversaries have ASAT capability 
(C4I, GPS, Surveillance assets at risk) 



Manpower reductions will continue 



MILITARY IMPLICATION 

Inventory of replacements is desired 
Inventory of launch assets is desired 
Cheap satellites are desired 

Increased automation is a necessity 



APPLICABLE TECHNOLOGIES 

Power Systems 
Electro-optics 
Propulsion 
Missiles 

Systems Engineering 
Artificial Intelligence 
Distributed Systems 
Robotics 



Adversaries have chem/bio/rad/nuke weapons Operation in NBCR environment essential 



Adversaries have NIIRS 5+ (< 1 m) satellite imagery Surprise will be difficult 

Antisatellite capability is desired 
Temporary satellite blinding is desired 



Chemistry 

Biology 

Nuclear Physics 
Electromagnetics 

Lasers 

Electro-optics 

Infrared 

Atmospheric Propagation 
Missiles 



GPS remains susceptible to jamming 



Terminal seekers will see renewed importance 



Infrared 

Lasers 

Atmospheric Propagation 
Signal Processing 



PC performance matches that of humans 



Weapons may be truly intelligent 
Decision aids may eliminate need for experts 



Data transmission requirements continue to grow Increased reliance on laser communications 



Artificial Intelligence 
Sensor Fusion 
Signal Processing 
Advanced Sensors 

Lasers 

Electro-Optics 
Atmospheric Propagation 
Signal Processing 
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Table XIV. Comparison of Technologies for 2000-2020 with those that would have been 
predicted in 1975 to be important for the period 1975-1995. 



Year 2000 Technologies for the Future 



Year 1 975 Technologies for the Future 



Electromagnetics 
I nf ra red 
Electro-Optics 
Lasers 

Atmospheric Propagation 

Warheads 

Impact Physics 

Explosives 

Materials 

Jet Propulsion 

Missiles 

Rocket Propulsion 
Aerodynamics 
Plasma Physics 
Distributed Systems 
Signal Processing 
Sensor Fusion 
Advanced Sensors 
Power Systems 
Systems Engineering 
Artificial Intelligence 
Robotics 
Chemistry 
Biology 

Nuclear Physics 



Electromagnetics 
I nf ra red 
Electro-optics 
Lasers 

Atmospheric Propagation 

Warheads 

Impact Physics 

Explosives 

Materials 

Missiles 

Rocket Propulsion 
Aerodynamics 
Plasma Physics 

Signal Processing 

Advanced Sensors 



Artificial Intelligence 



Nuclear Physics 
Acoustics 
Sonar 
Radar 

Space Sensors 
Millimeter-Wave Radars 
Fiber Optics 



Two things are significant about Table XIV. First, the first column lists those technologies 
that should form the cornerstones of graduate education in military technology for the next two 
decades. If a technology on the list is not being taught at an institution dedicated to educating 
military officers or if that institution lacks faculty members who are pursuing research in a listed 
technology, then that institution’s program is deficient and the deficiencies need to be addressed. 
The second area of significance is the differences between the two lists. Radar and sonar will be of 
reduced significance, although they will never become insignificant. Chemistry, biology, systems 
engineering, and advances in processing of sensor information are areas that are new (at least com- 
pared to 1975) and will need additional emphasis. 
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As part of an earlier oral presentation of the material discussed in this report, the author was 
asked to predict what technologies, inventions, or conceptual developments might have major 
significance during the next century. The latest version of this prediction is reproduced in Table 
XV. In general, the list was compiled from similar lists and predictions by many other authors 
augmented by a considerable amount of reading of futurist literature. For manageability purposes 
the author arbitrarily decided to limit the list of possible future technologies, etc., to one page. 
Many other concepts or technologies could have been added. Inclusion or deletion should not be 
perceived as having any relationship to importance or merit of a topic. 

A simple list, however, proved unsatisfying to the author. Nevertheless, he also clearly 
remembered both Clarke’s First Law and the rapidity at which Clarke’s “Chart of the Future” 
became hopelessly in error. For these reasons, the author decided to estimate the probability that 
each technology, invention, or conceptual development would actually occur some time during the 
21 st century. The degree of probability assigned bears no relationship to the rapidity with which a 
concept will become reality. For example, the author believes that fusion power is almost certain 
to become a reality before the end of next century and he has assigned the highest level of probabil- 
ity to this occurrence. However, the author also believes that it will be at least a decade before true 
power breakeven is demonstrated, and several more decades before all of the materials and engi- 
neering problems are solved to pennit the construction of a commercially-profitable fusion power 
plant. Thus, he would place the likely time frame for successful development at 2050. The high 
confidence derives from the fact that the author believes that the scientific aspects of the problem 
are now well understood. There should be no new “instabilities” occurring that would set back 
development by many decades (as they did in the 1950’s and 1960’s). Furthermore, societal 
pressures favor the development of clean fusion power. Economic and environmental pressures 
will require that non-fossil-fuel power generation systems be developed before the end of the 
century. Thus, all potential societal limiting factors actually favor rather than hinder growth. 
Nevertheless, the high costs of development will almost certainly require spreading those costs over 
a number of decades. 

There is no telling exactly which of the technologies listed in Table XV will come to pass 
by 2100. Nevertheless, it is obvious that if only the high and very high likelihood technologies are 
developed, then life in 2 100 will be as different from life in 2000 as life in 2000 has been shown to 
be different from life in 1900. If most of the medium likelihood technologies are also developed, 
then life in 2 100 will more closely resemble that described in today’s science fiction literature. The 
trend towards science fiction as science reality is compounded by the fact that many of the impor- 
tant technologies of 2100 have no ancestry (conceptual or otherwise) in technologies existing in 
2000. We not only cannot imagine the nature of those technologies, but we cannot envision their 
impact on society. An old Chinese curse goes, “May you live in interesting times. ’’ We currently 
live in interesting times and will continue to do so for at least another century. This does not mean 
that we can afford to sit back and observe the changes as they occur. In many situations, we must 
try to predict those changes. Such predictions can never be perfect, and radically new technological 
inventions can seldom be predicted. Nevertheless, rigorous application of the methodology of 
technology assessment can yield surprisingly good results. The keys to success are extensive 
preparation, use of a multidisciplinary team, and keeping an open mind relative to seemingly 
outrageous future developments. 
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Table XV. The author’s predictions of conditions and/or technologies that may exist in 2100. 



POSSIBLE FUTURE CONCEPT OR TECHNOLOGY 



LIKELIHOOD 



Single Planet-Wide Government 

Single Planet-Wide Currency 

Totally Cashless Society 

End to Major Conflicts between Peoples 

Single Planet-wide Peacemaking and Peacekeeping Force 

Permanent Space Colonies (Moon, Mars, Asteroids, etc.) 

Interplanetary Commerce (within solar system) 

Human Genetic Engineering (with end to all genetic diseases) 

Universally Accepted Birth Control 

Single Global Language 

Universal Literacy 

Fusion Power 

Fixed-Site Electromagnetic or Laser Ablation Space Launch 
"Impulse" Space Propulsion (Periodic Fusion Microexplosions) 
Synthetic Life Forms 
Direct Neural Connections to the "Net" 

Organic Computer Systems 

Sentient (Self-Aware) Machine Intelligences 

Nerve and Organ Regeneration 

Android Service Providers (Butlers, Waiters, Maids, etc.) 

A Single Grand Unified Field Theory 
Experimental Research into Faster-Than-Light Travel 
Unmanned Interstellar Space Probes 
Space-based Solar Power Systems 
Manned Interstellar "Multi-Generation" Space Ships 
Materials Engineered at the Molecular Level 
Planetary Defense System Against Asteroids 
Man-Portable Directed Energy Weapons 
Global Weather and Climate Control 
General-Purpose Anti-Viral & Anti-Cancer Drugs 
A Cure for the Common Cold 
Matter Transporters (a la Star Trek ) 

Universal Replicators (a la Star Trek) 

Warp Drive (Faster-Than-Light Propulsion Systems) 

Nanotechnology-based Product Fabrication 

Detection of Extraterrestrial Intelligence via Radio Transmissions 

First Contact with Extraterrestrial Intelligence 

Hydrogen-powered Vehicles & Hydrogen Power Economy 

Electric-powered Vehicles with Ranges > 500 km 

Single Unified Military Service (Combined Army, Navy, & Air Force) 

Casual Spaceflight (vacations, commerce, etc.) 

Average Lifespan Greater than 200 Years 
Permanent Submarine Settlements (Underwater Cities) 

Large-scale Aquaculture (Ocean farming) 

Manned Deep Ocean Submersibles (> 15,000 m) 

Deep Ocean Diving Capabilities (>15,000 m) 

Hypersonic Air Transport (> Mach 8) 

Unmanned Autonomous Military Fighting Vehicles of all Types 



Medium 

Medium to High 

High 

Low 

Medium to High 
High 

Medium to High 
High 

Very High 

Medium 

High 

Very High 

High 

High 

Very High 
Very High 
High 
Medium 
Very High 
High 

Medium to High 

Low to Medium 

Medium 

Medium 

Low 

High 

Very High 
Very High 
High 

Very High 

Medium 

Very Low 

Very Low 

Very Low 

Medium 

Medium 

Low to Medium 

Medium 

High 

Very High 

Medium 

Medium 

High 

High 

Very High 
Medium 
Very High 
Very High 
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